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1ResumenEn esta tesis presentamos un estudio detallado de la interai�on de los objetosestelares j�ovenes de baja masa on su medio irundante, mediante la araterizai�on delas ondiiones f��sias, la inem�atia y la qu��mia de su entorno. Estos estudios se hanrealizado utilizando omo herramienta fundamental la informai�on proporionada por lasl��neas moleulares de emisi�on en radio, a trav�es de observaiones on antena �unia de altasensibilidad omplementadas on observaiones interferom�etrias. Para ello, se han puestoa punto los equipos de espetrosop��a de la antena de 70 metros (DSS-63) situada en elomplejo espaial de NASA en Robledo de Chavela, Madrid.Presentamos la b�usqueda sistem�atia de m�as alta sensibilidad de m�aseres de H2Oen gl�obulos de Bok, utilizando la antena DSS-63. Como riterio de selei�on elegimos indi-adores de formai�on estelar, omo fuentes de radioontinuo, entros de ujos moleulares,pios de trazadores moleulares de alta densidad y fuentes IRAS. Hemos observado 207posiiones y detetamos emisi�on m�aser de H2O en siete gl�obulos de Bok (CB 3, CB 34,CB 54, CB 65, CB 101, CB 199 y CB 232). Todas exepto CB 3 son deteiones nuevas,on lo que inrementamos de tres a nueve el n�umero de gl�obulos de Bok on emisi�on m�aseronoida. Este estudio se omplementa on las primeras observaiones interferom�etrias,usando el VLA, en algunos de los gl�obulos de Bok que presentan m�aser de H2O, hallandolas posiiones preisas de dihos m�aseres. En el aso de CB 3, CB 54, CB 101 y CB 232identi�amos sus fuentes exitadoras.Realizamos una b�usqueda de emisi�on de CCS y amoniao a 1 m en objetosestelares j�ovenes on presenia de m�aseres de H2O omo signo de formai�on estelar. Estab�uqueda se ha realizado on la antena DSS-63, para estudiar las propiedades f��sias, lainem�atia y la edad de dihas regiones. Detetamos emisi�on de CCS en seis fuentes(L1448C, L1448-IRS3, B1-IRS, NGC2071-North, GF9-2 y L1251A). Todas estas regiones,exepto B1-IRS, son mostradas aqu�� por primera vez emitiendo a 1 m. Hemos busadola relai�on entre la presenia de CCS y las propiedades f��sias de los objetos entrales, susujos moleulares y la emisi�on de NH3. Enontramos que en las regiones emisoras de CCS,el NH3 presenta m�aximos de emisi�on signi�ativamente m�as intensos que en regiones sinemisi�on de CCS, pero intensidades integradas similares, lo que sugiere un medio menosturbulento, es deir, m�as joven, en el primer grupo. Adem�as, obtenemos buenos andidatospara posteriores estudios on alta resolui�on de la inem�atia y las propiedas f��sias delmedio. Este estudio se ompleta on observaiones interferom�etrias, usando el VLA, enCCS, NH3 y m�aseres de H2O en la regi�on que rodea el objeto joven B1-IRS. Estudiamosla inem�atia de la regi�on y la relai�on entre el objeto entral y el medio irundante.Obtenemos una distribui�on de CCS en distintos \grumos", on un patr�on de veloidad



2que india una fuerte interai�on del gas trazado por esta mol�eula on el ujo moleularexistente en la regi�on. Esto sugiere la posibilidad de un aumento loal de la abundania deCCS mediante qu��mia induida por hoques. Adem�as observamos por primera vez unaantiorrelai�on espaial entre el CCS y el NH3 a esalas de ' 500.Intentamos utilizar por primera vez la t�enia de alibrai�on ruzada apliada al��neas espetrales t�ermias on el VLA, observando simult�aneamente la emisi�on en CCS ym�aser de H2O a 1 m en torno a la fuente IRAS 16293�2422 y usando la emisi�on intensade los m�aseres de H2O para trazar las variaiones atmosf�erias a 1 m. Si bien no sedeteta emisi�on de CCS, el radioontinuo a la freuenia de esta l��nea mejora laramentesu relai�on se~nal-ruido al apliar esta t�enia.Por �ultimo, presentamos un prometedor m�etodo estad��stio para estimar las ar-ater��stias observaionales que pueden ser m�as relevantes en la obteni�on de los par�ametrosf��sios de disos protoplanetarios. Con este �n, hemos desarrollado una red de modelos deemisi�on de la l��nea C17O(3�2) en disos protoplanetarios on distintas propiedades f��sias.Como resultado preliminar, este m�etodo permite distinguir relativamente bien entre disoson distintos radios y en menor medida entre diferentes tasas de areimiento de masa.Adem�as, presentamos un estudio de detetabilidad de nuestros disos modelados on losinterfer�ometros SMA y ALMA, todos los uales podr�an ser detetados on ALMA en unahora de tiempo de integrai�on.



3AbstratIn this thesis we present a detailed study of the interation of low-mass youngstellar objets (YSOs) with their surrounding medium, by means of a haraterizationof the physial onditions, kinematis, and hemistry of their environment. These stud-ies have been performed using as our main tool the information from moleular emissionlines at radio wavelengths, via high sensitivity single-dish observations omplemented withinterferometri observations. With this purpose, we have set up and alibrated the spe-trosopy equipment of 70 meter antenna (DSS-63) loated at NASA's Deep Spae Complexin Robledo de Chavela, Madrid (Spain).We show the most systemati and sensitive survey of H2O masers towards Bokglobules, using the DSS-63 antenna. As seletion riteria for targets, we have hosenindiators of star formation suh as radio ontinuum soures, enters of moleular outows,peaks of high-density moleular traers, and IRAS soures. We have observed 207 targetpositions, and we have deteted H2O maser emission in seven Bok globules (CB 3, CB 34,CB 54, CB 65, CB 101, CB 199, and CB 232). All of them, exept CB 3 are new detetions,inreasing from three to nine the number of Bok globules known to emit H2O masers. Thisstudy is omplemented with the �rst VLA interferometri observations towards some ofthe globules assoiated with H2O masers, and we have loated aurate positions of themasers. We identify their exiting soures in the ase of CB 3, CB 54, CB 101, and CB232. We have performed a searh for CCS and ammonia emission at 1 m towardsYSOs that show H2O maser emission, as a sign of star formation. This searh was donewith the DSS-63 antenna, to study the physial properties, kinematis, and age of thoseregions. We deteted CCS emission towards six soures (L1448C, L1448-IRS3, B1-IRS,NGC2071-North, GF9-2, and L1251A). All of these regions, exept B1-IRS, are reportedhere to emit CCS at 1 m for the �rst time. We have studied the possible relationshipbetween the presene of CCS emission and the physial properties of the entral objets,their moleular outows, and the NH3 emission. We found that ammonia shows higherpeak intensities in regions with CCS emission than in those without it, but the ammoniaintegrated intensities are similar. This suggests a less turbulent medium, i.e., younger inCCS-emitting regions. In addition, we found good andidates for future high-resolutionstudies of their kinematis and physial properties.This study is ompleted with VLA interferometri observations in CCS, NH3,and H2O masers in the region surrounding the YSO B1-IRS. We studied the kinematis ofthis region and the relationship between the entral objet with the surrounding medium.We deteted a lumpy CCS distribution, with a veloity pattern that indiates a stronginteration of the gas traed by this moleule with the moleular outow. This suggests the



4possibility of a loal enhanement of the CCS abundane via shoked-indued hemistry.Moreover, we observed for the �rst time a spatial antiorrelation between CCS and NH3at sales of ' 500.We tried for the �rst time a ross-alibration tehnique for thermal spetral lines,observing simultaneously with the VLA CCS and H2O maser emission at 1 m towardsthe soure IRAS 16293�2422. We have used the intense H2O maser emission to trae andorret the atmospheri utuations at 1 m. Although we failed to detet CCS emission,the radio ontinuum at the frequeny of this line improved signi�antly its signal to noiseratio after applying this tehnique.Finally, we show a promising statistial method to infer whih observationalharateristis ould be more relevant to obtain information about the physial parametersof protoplanetary disks. With this aim, we have developed a grid of emission models forthe C17O(3�2) transition in protoplanetary disks with di�erent physial properties. As apreliminary result, this method allows us to disriminate relatively well between disks withdi�erent radii, and to a lesser degree it provides information on their mass aretion rates.In addition, we show a detetability study of our modeled disks with the interferometersSMA and ALMA. All of them ould be deteted using ALMA with one hour of integrationtime.



5
Chapter 1Introdution
1.1 Star formation theoryThe formation of stars and planetary systems onstitutes one of the basi prob-lems of modern Astrophysis. The development of new instrumentation and observationaltehniques has provided a large body of observational data, whih allowed us a deeperunderstanding of the earlier stages of the evolution of stars and planets. Nevertheless,there still remain many open questions.Our present understanding of star formation is primarily based on the observa-tions of low-mass stars (Lbol < 100 L�), beause these objets are more numerous thanhigh-mass stars, their formation phase is longer, and their parent moleular louds areloser to us. In addition, low-mass stars sometimes form in isolation and are easier to bestudied individually.In the urrent paradigm, stars are born within moleular louds, whih are a-umulations of gas and dust mainly omposed of H2. These louds are initially supportedagainst gravitational ollapse by a ombination of thermal, magneti, and turbulent pres-sures (Shu et al. 1987; Moushovias 1991). Nevertheless, moleular louds an fragment insmaller and denser ores, where the presene of gravitational instabilities yields a ollapseof the loud material (Shu et al. 1987, and referenes therein). The mehanisms respon-sible for the fragmentation and instabilities are still poorly understood. Impulsive eventslike a shok wave produed by a supernova explosion (Mueller & Arnett 1976; Jungwiert& Palous 1994; Bottema 2003), an expanding HII region (Elmegreen & Lada 1977; Clark& Porter 2004; Hester & Desh 2005), or a ollision between louds or lumps (Loren 1976;Vall�ee 1995; Wang et al. 2004), or other kind of mehanisms involving gradual proesseslike ambipolar di�usion (Shu et al. 1987; Moushovias 1991; Frank et al. 1999; Hosking& Whitworth 2004) or dissipation of turbulene (Nakano 1998; Myers 1999) have beensuggested as responsible for suh instabilities.The proesses that take plae after the initial gravitational ollapse are very likely



6 Chapter 1 : Introdutionto depend on the mass of the system. While these proesses are still largely unknown forhigh-mass stars, there is a widespread onsensus about what happens for low-mass ones,and we will fous on them in what follows. The gas of moleular louds ontains aninitial amount of angular momentum (Goodman et al. 1993), whih must be onservedduring the ollapse of the ore. Due to this onservative phenomenon, the infalling matterenounters a entrifugal barrier in a plane perpendiular to the angular momentum vetor,and the loud material tends to be deposited on a that plane, yielding the formation ofa rotating disk and a entral protostar (Terebey et al. 1984; Shu et al. 1987). After theollapse phase, where most of the infalling material is deposited onto the disk, an aretionphase begin, in whih part of the disk mass is areted onto the entral protostar. Thisstep requires both, the transfer of mehanial energy (to keep the stability in a Kepleriandisk when material fall onto the protostar), and the transfer of angular momentum (tomake possible that disk material falls onto orbits loated loser to the protostar). Seean shemati overview of the omplete proess of formation of low-mass stars and a timesale estimation of the di�erent phases in Fig. 1.1.One of the proposed theories for transferring mehanial energy within the disk isthrough turbulent visosity (Ruden & Lin 1986; D'Alessio et al. 1998), whih also produesa momentum transfer (Shakura & Sunyaev 1973). Another good andidate to liberate an-gular momentum are winds. Some theoretial models postulate a magnetohydrodynamiorigin for winds, whih are onneted to the disk by magneti �elds (Shu et al. 1994; Pu-dritz & Norman 1983, 1986). This possibility is speially interesting due to the observationof mass-loss phenomena in star forming regions (see setion 1.4).The disk that was formed around the young stellar objet (YSOs) is the stru-ture from whih a new planetary system may form. This is the reason why this kind ofstrutures are usually referred to as \protoplanetary disks". In the onventional model,the �rst stage of planetary formation begins when mirosopi dust grains in protoplan-etary disks grow via ollisions indued by eletrostati fores during settling towards themidplane of the disk, yielding kilometer-sized solid bodies alled \planetesimals" (Lissauer1993). At this stage, gravitational fores indue inelasti ollisions between planetesimals,produing a rapid build-up of solid ores, preursors of roky planets and ores of giantplanet, in timesales of �106 years (Wetherill & Stewart 1989; Aarseth et al. 1993). Nev-ertheless, there has been some ontroversy about the formation of giant planets. In theore-aretion model (Pollak et al. 1996), when a roky ore reahes �10 M� via theproess desribed above, the aretion of onsiderable amount of nebular gas would bepossible (Mizuno 1980). The problem with this model arises from the time neessary toarete a the atmosphere of a giant planet, with �300 M�, whih is estimated to be �107years (Pollak et al. 1996). These timesales fall at the upper end of disk lifetimes (105�107years; Strom et al. 1989). Some authors have proposed and alternative model based on



1.1 Introdution 7gravitational instabilities in protoplanetary disks (Kuiper 1951; Boss 1998), whih pro-due self-graviting lumps of gas and dust (giant gaseous protoplanets) in timesales <103years, followed by a fast gas ontration in �105 years (Boss 1998).This thesis will fous in the study of some of the proesses related to the formationof low-mass stars.

Figure 1.1: Shemati overview of the urrent theory of the formation of a low-mass star(Hogerheijde 1998, after Shu et al. 1987).



8 Chapter 1 : Introdution1.2 Stellar nurseries: GMCs and Bok globulesMost stars form in lusters, embedded in dense ores within Giant Moleularlouds (GMCs) (Lada 1992; MCaughrean & Stau�er 1994; Lada & Lada 2003), whihare massive (104�105 M�) and large (50�100 p in their longest dimension) omplexesof moleular material (see Fig. 1.2). These GMCs are sites of both, low- and high-massstar formation. In this environment, the inuene of lose neighbors ompeting for thesame loud material, the interation between mass-loss phenomenon of nearby protostars,and the ultraviolet radiation from relatively lose massive stars that ionize and disruptthe surrounding moleular gas, somewhat ompliate the study of the proesses related tothe formation of low-mass stars.
M16 − Eagle Nebula

W5  

Figure 1.2: Examples of sites of star formation within giant moleular louds. Leftpanel: Optial image taken with 0.9 m telesope on Kitt Peak. Courtesy and Copyright:T.A.Retor & B.A. Wolpa, NOAO/AURA/NSF; Close up from the Hubble Spae Tele-sope (HST). Courtesy NASA. Right panel: Infrared image of W5 (IC 1848), taken by theInfrared Array Camera (IRAC) on Spitzer. Courtesy NASA/JPL-Calteh.On the other hand, low-mass star formation an also take plae in relative iso-lation from eah other, inside smaller dark moleular louds suh us the Taurus-Aurigalouds or inside some Bok globules (Bok & Reilly 1947), whih are small (projeted size� 200), isolated, and relatively simple moleular louds, with typial masses of ' 5 � 50M� (Martin & Barrett 1978; Clemens et al. 1991, see Fig. 1.3). These globules are usuallyidenti�ed and ataloged as dark pathes in optial images (e.g., Clemens & Barvainis 1988,hereafter CB). The referene atalogs of Bok globules ompiled by CB and Bourke et al.



1.2 Giant Moleular louds and Bok globules 9(1995a, hereafter BHR) in the north and south hemispheres, respetively, foused on thegroup of smaller Bok globules, using a size of < 100 as a seletion riterion. Under theassumption that they are nearby louds (d � 500 p), as suggested by the small numberof foreground stars, the globules in the CB and BHR atalogs would in general have linearsizes � 1 p.Some Bok globules are sites of low- and intermediate-mass star formation (e.g.,Yun & Clemens 1991, 1992; Reipurth et al. 1992). Sine they are identi�ed from optialimages, without any seletion riterion related to possible star-forming ativity, atalogsof Bok globules may span a wide range of evolutionary stages, from quiesent dark ores tolusters of Herbig Ae/Be or T-Tauri stars. Therefore, systemati studies of these globulesare potentially useful to study the evolution of phenomena related to star formation, likeollapse, fragmentation, mass-loss, or formation of protoplanetary disks. Moreover, beingsmall and relatively simple moleular louds, one an study these phenomena with a lowerhane of ontamination from multiple generations of young stellar objets (YSOs) withinthe same region. For these reasons, they are interesting laboratories in the study of thestar-formation proesses and its evolution.Another important reason to study star formation in Bok globules is that �eldstars in the solar neighborhood, and the Sun itself, may have formed in this kind of louds.Moreover, some T Tauri stars apparently not related to known moleular louds, may haveoriginated in Bok globules whih have been dispersed, leaving isolated pre-main-sequeneobjets (Launhardt & Henning 1997).Taking advantage of the mentioned properties of Bok globules, part of this thesis,in partiular Chapters 3 and 4, will onentrate in the study of the environment of theseregions.

Figure 1.3: Pitures of Bok globules. Left panel represents an optial image of CB 68,observed with the Very Large Telesope (VLT; Courtesy ESO) Right panel represents anoptial piture of the soure IC 2944, observed with the HST (Courtesy NASA).



10 Chapter 1 : Introdution1.3 Evolutionary lassi�ation of YSOsThe �rst attempt to empirially study the nature of embedded low-mass YSOswas performed via infrared observations. Objets in the embedded phase emit a signif-iant fration of their luminosity in the infrared, sine dust of the surrounding envelopereproess the energy emitted by the entral pre-stellar objet. Lada (1987) and Adamset al. (1987) proposed a lassi�ation sheme of low-mass YSOs based on the morphologyof their spetral energy distributions (SEDs), fousing on their infrared exess (between�=2.2 and 100 �m) with respet to stellar blakbodies. The values of their slope �IR =d log(�F�)/d log� in this range (see below) were interpreted in terms of an evolutionarysequene: Class I (deeply embedded objets), Class II (lassial T Tauri stars), and ClassIII objets (young- or pre-main sequene stars). Later, Andr�e et al. (1993) proposed an ageordering of embedded YSOs based on the relation of submillimeter and millimeter ontin-uum emission ompared with their bolometri luminosity (i.e., Lsmm/Lbol and Lmm/Lbol),whih seem to be rough approximations to the ratio Menv/M� (envelope to stellar mass),a quantity that dereases with protostellar age. They added a new ategory to the Ladalassi�ation, the Class 0 soures, whih show strong submillimeter emission, and wouldorrespond to the youngest protostars.This evolutionary sequene an be parameterized by the bolometri temperature(Tbol), de�ned by Myers & Ladd (1993) as the temperature of a blakbody having thesame mean frequeny as the observed SED, and that was suggested as another measureof the irumstellar obsuration and evolutionary development of a YSO. These authorsproposed for the �rst time the use of a log-log plot of Lbol vs Tbol as an evolutionarydiagram for embedded objets. Later Chen et al. (1995) limited the ranges of Tbol fordi�erent evolutionary stages (see below).The main properties for di�erent evolutionary stages, attending to their obser-vational harateristis, ordered from youngest pre-stellar ores to more evolved Class IIIsoures, are summarized below:� Pre-stellar ores:They are dense and old ondensations whose mass is of the order of or larger thanthe Jeans mass (�0.3�1.6 M�; Larson 1985), needed for the ollapse to our. Inthis phase, there is no evidene of the presene of a entral objet or outow ativity.Pre-stellar ores are undeteted in the near- to far-IR, no ompat radio-ontinuumsoures are observed, and the submillimeter dust emission shows an extended enve-lope without ompat peaks (Andr�e et al. 1993, 2000). These objets represent thephase just before the ollapse begins, or ollapsing ondensations without entralprotostars (Andr�e et al. 2000, and referenes therein).



1.3 Evolutionary lassi�ation of YSOs 11� Class 0 soures:They are the best andidates for real protostars (before nulear reations take plae),so deeply embedded that they remain undeteted in the near-IR. These objets showsubmillimeter emission with a entral peak (at the position of the star), surroundedby extended emission that traes the presene of a spheroidal irumstellar dustenvelope (Andr�e et al. 1993, 2000). Their high ratio of submillimeter to bolometriluminosity (Lsmm/Lbol > 0.005, where Lsmm is the luminosity radiated longward of350 �m; Andr�e et al. 1993, 2000) implies an envelope mass larger than the entralstellar mass. Their spetral energy distributions are well-�tted by a single blak-body at a low dust temperature (15�30 K; Andr�e et al. 1993, 2000), and theirtypial Tbol are <70 K (Chen et al. 1995). This evolutionary stage is haraterizedby the presene of powerful and ollimated moleular outows (Margulis et al. 1989;Bontemps et al. 1996) and ompat entimeter radioontinuum emission, interpretedas free-free emission arising from the strong interation between the wind/outowand the loud material or from an aretion shoks loser to the entral objet,whih also onstitutes indiret evidene for the presene of the entral protostar(e.g. Anglada et al. 1998; Rodr��guez et al. 1995; Torrelles et al. 1998b). All theseproperties suggest that Class 0 soures represent young areting entral objets stillsurrounded by a dense and old envelope of the initial loud material (Andr�e et al.1993). The lifetime of this protostellar phase is �104 years (Andr�e & Montmerle1994).� Class I soures:These objets show IR SEDs broader than blakbody energy distributions, withsteeply rising spetra longward of 2�m (spetral index 0 < �IR � 3; Lada 1987).They are still deeply embedded in the parental loud, sine this IR exess is mostlyattributed to large amounts of irumstellar dust. Nevertheless, submillimeter on-tinuum emission is more di�use and fainter than in Class 0 stage, indiating lessmassive irumstellar strutures (Andr�e et al. 1993, 2000). Class I soures are in-visible in optial, but they usually show faint near-IR emission assoiated to hotterdust loser to the entral protostar. Centimeter radio ontinuum emission is alsodeteted towards them (e.g. Anglada et al. 1998). In this phase, moleular outowstend to be muh less powerful and less ollimated than those from Class 0 soures(Bontemps et al. 1996). Bolometri temperatures in these objets range between70 < Tbol < 650 K (Chen et al. 1995), and the duration of this stage is �105 years(Andr�e & Montmerle 1994). In the urrent star-formation theory, this phase wouldorrespond to a entral objet surrounded by a irumstellar disk �10-100 AU inradius, embedded in an infalling envelope of �104 AU in size (Adams et al. 1987;



12 Chapter 1 : IntrodutionShu et al. 1987), whih shows a moderate aretion/infall rate ( _M ' 2 � 10�6 M�yr�1 for a loud temperature of '10 K; Shu et al. 1987; Andr�e et al. 2000).� Class II soures:These objets also exhibit IR exess, but more moderate than in the objets previ-ously mentioned, showing at or dereasing SEDs longward of 2 �m (�2 < �IR � 0;Lada 1987). At this stage, winds and jets have swept up most of the neighboringloud material, revealing the protoplanetary disk that surrounds the entral star.These soures usually show near-IR emission and H� optial lines (e.g. Hartigan &Kenyon 2003; Lyo et al. 2003), and they are interpreted as embedded T Tauri starswhose IR exess arises from irumstellar disks of �100 AU size (Adams et al. 1987).Class II soures show a Tbol that ranges between 650 to 2800 K (Chen et al. 1995),and their duration is estimated to be �106 years (Andr�e & Montmerle 1994).� Class III soures:They are objets that display little or no IR exess, although most of them displayoptial emission (Lada 1987). Their SED resembles that of a blak body reddenedby foreground extintion, with �3 < �IR � �2 (Lada 1987). This stage orrespondsto post-T Tauri stars, where the gas of the irumstellar disk is almost dissipated.The assoiated time sale for these soures is �107 yr (Andr�e & Montmerle 1994).Figure 1.4 shows an sheme of the geometry of low-mass stars from Class 0 to Class IIIstages, as well as a representation of their typial assoiated SEDs.The majority of the existing studies agree that all these lasses represent an evolu-tionary sequene, although there is not a total onsensus in this interpretation. Jayaward-hana et al. (2001) argue that di�erenes between Class 0 and I soures ould be due tothe initial onditions of their louds, rather than to their relative ages. In this senario,denser louds would provide Class 0 soures with larger envelopes, mass aretion rates,and more powerful outows, while Class I objets would be born in less dense louds. Inaddition, Masunaga & Inutsuka (2000) suggested that some Class I objets viewed at highinlinations may appear as "Class 0�like Class I" soures, beause of the high optialdepth assoiated with observing a protoplanetary disk nearly edge-on. Probably the de-bate arises from how little is known to date about the struture, dynamis, and hemistryof these objets. Thus, it is lear that more studies of the most embedded phases areneeded. Part of this thesis will fous on searhing for the youngest protostars and study-ing the kinematis, hemistry, and physial onditions of some of them (see Chapters 5,6, and 7).
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14 Chapter 1 : Introdution1.4 Mass-loss phenomena in star-forming regionsIt is generally aepted, and supported by observational data, that stars undergoa phase of mass-loss phenomena and strong interation with their surrounding mediumduring the earliest stages of their formation. This phase is haraterized by the ourreneof intimately related phenomena, like powerful moleular outows, ollimated jets, Herbig-Haro objets and shoked regions (Lada 1985; Shu et al. 1987; Konigl & Pudritz 2000).In this subsetion, we are going to thread through some of the manifestations of thesemass-loss phenomena.1.4.1 Moleular outowsOutows of old moleular gas from young stars were observed for the �rst timeby Zukerman et al. (1976) and Kwan & Soville (1976), as broad low-intensity wings inlines of rotational transitions of the CO moleule in the Orion A moleular loud, whihwere readily interpreted as emission from gas moving at high veloities. Later, they werealso deteted in low-mass star-forming regions (Snell et al. 1980). Moleular outowsshow a wide variety of shapes and sizes. Most of them exhibit a bipolar geometry (twospatially separate lobes of emission, with one lobe ontaining predominantly blueshiftedgas and other predominantly redshifted gas, more or less symmetrially situated from anembedded infrared soure or young star (Rodr��guez et al. 1980a; Snell et al. 1980; Bally& Lada 1983; Edwards & Snell 1984; Lada 1985), although some monopolar ones are alsoobserved (Lada 1985; Bally & Lada 1983), and even multipolar ones, whih ould be dueto the superposition of several bipolar outows (Chen et al. 1997; Lee et al. 2002), or tothe inuene of the interstellar environment (Torrelles et al. 1993b). The typial sales ofmoleular outows are 0.1�5 p, the kineti energies range between 1043�1047 erg, andthe dynamial age from 103�105 years (Lada 1985; Bahiller & G�omez-Gonz�alez 1992;Wu et al. 2004). Moleular outows typially exhibit moderate veloity (.25 km s�1)and moderate ollimated (length-to-width ratio < 10) lobes (Lada 1985), although severalhighly ollimated moleular outows (with ollimation fators >10) are also observed, andthey exhibit extremely high veloities (>40 km s�1) near the outow axis (Bahiller et al.1990b; Bahiller & G�omez-Gonz�alez 1992; Zapata et al. 2005).Observational studies show that the most powerful and best ollimated outowsare related to the youngest protostars (Bontemps et al. 1996; Gueth & Guilloteau 1999;Wu et al. 2004; Beuther & Shepherd 2005). This fat suggests that, although moleularoutows are present through muh of the embedded phase of protostars, outow ativitydeline over time.



1.4 Mass-loss phenomena in star forming regions 151.4.2 Cirumstellar jetsIn addition to moleular outows, bipolar mass-loss phenomena are also observedas ollimated optial, infrared, and radio jets, all of them being manifestations of olli-mated ejetions at irumstellar sales (' 100 � 1000 AU):� Optial jets are observed mainly with [OI℄��6300,6363, H�, [NII℄��6548,6584 and[SII℄��6716,6731 emission lines from ionized and shoked exited gas (Baiotti &Eisl�o�el 1999). They represent ejetions of highly ollimated gas from the viinity ofthe stars (Kepner et al. 1993; Burrows et al. 1996), with speeds that reah hundredsof km s�1 (Buehrke et al. 1988; Hartigan et al. 2005; Yusef-Zadeh et al. 2005).� Infrared jets are traed by the emission of atomi near-IR lines suh as those of[FeII℄, Pa�, [SII℄, and [NI℄, as well as highly-exited H2 moleules (Allen & Burton1993; Reipurth et al. 2000; Lorenzetti et al. 2002; Nisini et al. 2005). They areoriginated in regions of high temperature (thousands of K) and follow the bipolarstruture of moleular outows at interstellar sales, but traing shoked gas. Inpartiular, H2 emission may trae the terminating shoks of optial jets (Garden etal. 1986; Riher et al. 1992; Davis et al. 1997b).� Radio jets are deteted in ontinuum emission at entimeter wavelengths and ap-pear elongated in the same diretion as the larger-sale moleular outows, traingwell-ollimated ejetions of material emerging from YSOs at sales of �100 AU(Rodr��guez & Reipurth 1989; Anglada et al. 1996b; Rodr��guez et al. 2003). In manyases, this entimeter emission an be interpreted as free-free emission from a thermaljet (Reynolds 1986).1.4.3 Herbig-Haro objetsAnother manifestation of mass-loss phenomena, intimately related to jets, areHerbig-Haro (HH) objets, disovered by Herbig (1951) and Haro (1952). They are opti-al emission nebulae that tend to be distributed bipolarly with respet to a entral exitingsoure. HH objets are observed at highly-exited H2, optial forbidden lines, hydrogenBalmer emission lines and radioontinuum emission (Torrelles 1991; G�omez et al. 2003;Wang et al. 2005). Proper motion studies of these objets revealed high expansion ve-loities, reahing values as high as 200-350 km s�1, whih indiate that these objets arerelated to mass-loss phenomena (e.g., Bally et al. 2002; Yusef-Zadeh et al. 2005). Nowa-days it is believed that Herbig-Haro objets are reated when highly ollimated jets ejetedby young stars ollide with the surrounding loud material, generating strong shok wavesthat heat and ionize the gas (Reipurth & Bally 2001).



16 Chapter 1 : IntrodutionUni�ed models propose that all the mass-loss phenomena summarized in this se-tion are intimately related, and aept that moleular outows represent ambient mole-ular gas swept by stellar jets emanating from the entral star/disk system (Riher et al.1992; Raga et al. 1993). Nevertheless, there is also evidene for momentum being depositedinto the ows by wider stellar winds (e.g. Bene et al. 1998). Thus, nowadays there arethe still some open questions about the origin, ollimation mehanism, and evolution ofmoleular outows.1.5 Protoplanetary disksDiret observational evidene of protoplanetary disks has been diÆult to ob-tain. By omparing with our Solar System, we an expet a typial radius of �100 AUfor protoplanetary disks in low-mass YSOs, whih is also the size predited by theoretialalulations (Shu et al. 1987; Rodr��guez et al. 1989). These strutures substend �000:7 at140 p (the distane to the Taurus moleular loud, one the losest star forming regions).Therefore, we need subarseond resolution to image them, and nowadays this an only beahieved by the Hubble Spae Telesope or with radio interferometers. In addition, pro-toplanetary disks are old, typially with temperatures of the order of 100 K (Bekwith etal. 1990), whih means that high-sensitivity telesopes are also needed for their detetion.Most studies on protoplanetary disks have been performed towards T Tauri stars,sine most of them show indiret evidene of harboring these strutures (Strom 1995),whih therefore an evolve toward planetary systems similar to our own. Before the �rstimages were available, many indiations and indiret piees of evidene of the existene ofprotoplanetary disks around young stars had been olleted. The most important piee ofevidene is probably the mentioned infrared exess from interstellar dust thermal emission(Strom 1995), but we an also mention the preferentially blueshifted pro�les observed inoptial forbidden emission lines (oming from stellar winds, with the redshifted emissionhidden by an obsuring disk; Appenzeller et al. 1984; Edwards et al. 1987), the polarizationpatterns of optial sattered light (perpendiular to the jets and outows in the regionsloser to the entral protostar and produed by the disk; Bastien & Menard 1988, 1990), orinterestellar toroidal strutures of � 0.1�1 p deteted in moleular line studies (Torrelleset al. 1983, 1994). Moleular lines studies have also played an important role in providingobservational evidene of the existene of protoplanetary disks, although spetrosopyobservations with radio telesopes have only allowed to obtain information of the globaldisk line emission (e.g., Kenyon & Hartmann 1987; Bekwith & Sargent 1993; Koerner &Sargent 1995), without being able to resolve it.Nevertheless, images from the HST have been the de�nitive proof of the existeneof protoplanetary disks, with examples like the HH 30 region, whih shows a edge-on disk



1.5 Protoplanetary disks 17of �250 AU perpendiular to a jet struture (Burrows et al. 1996), or the protoplanetarydisks silhouettes observed in the Orion nebula against a bright reetion nebula, or ionizedby the ultraviolet radiation from a near high mass star (O'Dell et al. 1993; O'Dell & Wen1994). See Fig. 1.5 for these and other examples.
Orion Proplyds

Figure 1.5: Protoplanetary disks observed with the HST. Courtesy NASA.The development of the new generation of millimeter and submillimeter interfer-ometers will play an important role in the study of protoplanetary disks. Currently, the�rst results of observations of protoplanetary disks in low-mass YSOs with the Submillime-ter Array are being reported, (e.g. J�rgensen et al. 2005; Qi et al. 2006). This instrumenthas also reently provided the �rst resolved image of a protoplanetary disk in a high-massYSOs (Patel et al. 2005). Undoubtedly, ALMA1 will be the most powerful interferometerto perform moleular line studies in protoplanetary disks. Nevertheless, even when disksare resolved, a onsiderable amount of assumptions will probably be needed to derive theirphysial parameters. In this thesis we present a statistial and theoretial study to tryto derive whih observational harateristis yield more information about the physialproperties of disks (see Chapter 8).1Ataama Large Millimeter Array



18 Chapter 1 : Introdution1.6 Moleular lines as diagnosis toolsMoleular spetral lines studies are very useful tools to diagnose the physialproperties, hemistry and the kinematis of the interstellar medium. Moleules an ex-periment three di�erent kind of transitions (Townes & Shawlow 1975; Rohlfs & Wilson2000): eletroni (with typial energies of a few eV, whih orrespond to lines in thevisual or ultraviolet range), vibrational (aused by osillations of the nulei with respetto their equilibrium positions. They show typial energies of 10�1�10�2 eV and providelines in infrared range), and rotational (due to rotation of the moleule. Typial en-ergies are 10�3�10�4 eV, orresponding to lines at radio wavelengths, i.e., mm and mwavelengths).Spetral line emissions from moleules an be produed by thermal and non-thermal mehanisms. Thermal emission involves equilibrium proesses, while non-thermalmehanisms are related to proesses far from equilibrium. Astronomial masers are oneof the most ommon soures of non-thermal radiation in star forming regions. Sinethermal and maser emission lines are extremely useful for deriving physial and kinematialharateristis in moleular louds, we desribe below some of the main properties of theseproesses.1.6.1 Thermal emission linesMoleules an be exited to higher energy levels via ollision with other moleules(most of them H2) or by a radiation �eld. Therefore, the population of energy levels willbe determined by the kineti temperature (TK), density of partiles in the medium (nH2),and the harateristis of the radiation �eld. The dependene of the exitation onditionson the temperature and density of the medium makes intensities of thermal moleularlines from di�erent transitions a powerful tool for deriving information about the physialonditions of the moleular gas.Moleular louds provide appropriate onditions to exite the lowest rotationaltransitions of most moleules. The typial kineti temperatures inside dark louds (TK '10 K) provide the energy required to exite rotational levels (Erot ' k TK) and on theother hand their typial densities (nH2 ' 103�104 m�3) are higher than ritial densities(nrit) of the lowest transitions of many moleular speies (Rohlfs & Wilson 2000). Thissituation (nH2>>nrit) implies that the exitation will be dominated by ollisions, i.e., thetransition will be nearly thermalized and loal thermodynami equilibrium (LTE) an beused as a �rst approximation. In LTE onditions, the population ratio between di�erentlevels is a funtion of the exitation temperature, Tex (' TK), and follows the Boltzmanndistribution. For thermal transitions of di�erent moleular speies studied in this thesis(NH3, CCS, CO and isotopes) LTE is a valid approximation. Under LTE onditions, the



1.6 Moleular lines as diagnosis tools 19intensity of an optially thik line allow the determination of Tex (' TK), while for anoptially thin line, measurements of its intensity make possible to derive information aboutthe optial depth (�) of the transition. The optial depth an also be obtained through theratio of the intensities of the same transition observed in two di�erent isotopes (assuming aknown abundane ratio between them). One the Tex and � are obtained for a partiularline, the olumn density of the energy levels onneted by the transition an be easilyderived. To obtain the total olumn density, it is ommon to assume that all the energylevels are populated following the Boltzmann law with the same Tex in the alulation ofthe partition funtion.Spetral linewidths and shapes of moleular lines are also a good diagnosis ofthe kinematis of moleular louds. The random motions of moleules and the turbulentmotions in the gas, produe a line broadening with a Gaussian shape (if moleules followa Maxwell veloity distribution). Moreover, systemi motions of the gas, suh as ollapse,expansion or rotation, also leave harateristi signatures in the shape of the spetral lines(e.g., the wings of the CO spetra in moleular outows; Kwan & Soville 1976; Zukermanet al. 1976; Yun & Clemens 1994a).In addition, moleules an inform about the stage of evolution of a YSO, sinethe spatial distribution of emission from various moleules traers in star forming loudsdepends not only on the physial onditions within the louds but also on the (time-dependent) hemistry. That is the ase of CCS (diarbon sul�de) and NH3 (ammonia),where a pronouned spatial antiorrelation in their emission was reported for starless ores(Hirahara et al. 1992; Kuiper et al. 1996; Lai et al. 2003). The spatial antiorrelationbetween these two moleules has been explained in terms of hemial and dynamialevolution in protostellar ores, and their relative abundane ratio has been onsidered asa \lok" to date the age of YSOs (Suzuki et al. 1992).In studies of the densest regions of a moleular loud, where stars are formed, highdensity gas traers (i.e., moleules with high ritial density, like ammonia and CCS) areuseful tools to derive physial properties. This thesis will use the properties of some ther-mal moleular line transitions at 1 m wavelength, mainly CCS (JN=21-10) and NH3(1,1),in order to derive information about the dynamis, morphology, physial onditions andevolutionary stage of a wide sample of low-mass YSOs. In addition, the mentioned theo-retial study of protoplanetary disks in hapter 8, makes use of the C17O(3�2) rotationaltransition.1.6.2 Maser emission linesMaser emission arises when moleules ollide, or are radiatively pumped, our-ring a population inversion of the energy levels involved in a moleular transition. Inthis situation, the stimulated emission may easily our. The overpopulation of a higher



20 Chapter 1 : Introdutionenergy state formally implies a negative value of Tex in the Boltzmann law, produing anexponential ampli�ation of the radiation as it passes through the gas (see Reid & Moran1981 for a review).The most ommon maser moleules in star forming region are OH (hydroxil),CH3OH (methanol) and H2O (water)(e.g. Reid & Moran 1981; Booth & Diamond 2004).All of them are exellent signpost of high-mass star forming proesses (Hunter et al. 1998;Szymzak & G�erard 2004; De Buizer et al. 2005; Ellingsen 2006), where methanol andwater masers represent the very earliest stages of stellar birth, preeding the OH maserphase (Szymzak et al. 2005). In addition, maser emission from H2CO (Araya et al. 2005),NH3 (Hofner et al. 1994; Kraemer & Jakson 1995; Zhang & Ho 1995) and SiO (Moritaet al. 1992; Doeleman et al. 1999) has also been observed towards a high-mass YSOs.Although water masers are more intense and widespread in high-mass star form-ing regions, they are also present around low-mass YSOs (e.g. Wilking & Claussen 1987;Terebey et al. 1992). Water an show maser emission in di�erent transitions, ranging infrequeny from 22 GHz up to at least 906 GHz (Menten & Melnik 1989; Menten et al.1990; Cerniharo et al. 1990; Melnik 1993; Melnik et al. 1993; Menten & Young 1995).Nevertheless the ase of water masers at 22 GHz is speially interesting beause they showthe highest luminosities, the most ompat sizes, the most rapid variability and the widestveloity ranges (Booth & Diamond 2004).Water maser emission at 22 GHz is fairly ommon in star forming regions, andonstitutes a good traer of mass-loss ativity in young stars of all masses (Rodr��guez et al.1980b; Felli et al. 1992; Xiang & Turner 1995; De Buizer et al. 2005). Their spetra rangefrom simple ones ontaining a single feature to very omplex ones showing di�erent veloityomponents, some of them aelerated to high veloities (hundreds of km s�1; Comorettoet al. 1990; Furuya et al. 2003). VLBI2 has proven to be an important tool for studyingthe struture and dynamis of masers. The maps obtained with this tehnique haverevealed the water maser features to be assoiated with ompat ondensations (10-100AU; e.g., Torrelles et al. 2001a; Patel et al. 2000). Their relative positions an be measuredwith preisions of milliarseonds, making possible proper motions measurements, whihprovide very useful information on the struture and kinematis of the gas lose to theentral exiting soure (see Torrelles et al. 2005 for a review). Reently, this tehniquehas revealed intriguing mass-loss phenomena with isotropi/spherial distributions in thehigh-mass soures Cepheus A and W75N (Torrelles et al. 2001b, 2003). This phenomenonof unollimated mass-loss has never been observed in any low-mass YSOs and moreover,we do not know whether it is present in all high-mass stars during some phase of theirevolution.Several water maser surveys towards low-mass YSOs have shown that these2Very Long Baseline Interferometry



1.6 Moleular lines as diagnosis tools 21masers tend to be loated lose (within several hundred AU) from their powering soure(Chernin 1995; Claussen et al. 1998; Furuya et al. 2000, 2003) and revealed them as highlyvariable on short timesales (< 1 month) (Hashik et al. 1983; Wilking et al. 1994a;Claussen et al. 1996; Furuya et al. 2003).Highly loalized onditions are needed to pump the maser emission, sine watermasers are ativated in regions that are warmer (hundreds of K) and denser (nH2 '107 � 1011 m�3) than the general physial onditions of the environment of YSOs, anda large olumn density of veloity-oherent water moleules is needed to make maseremission possible (Goldreih & Kwan 1974; Reid & Moran 1981; Elitzur et al. 1989).Theoretial models predit that onditions to pump the water maser emission an bereahed in shoked regions in the star forming environment (Elitzur et al. 1989, 1992).These onditions an be originated in the shoked gas ompressed by winds (Chernin 1995;Torrelles et al. 1997; Furuya et al. 2000; Mosadelli et al. 2000), as well as in irumstellardisks (Fiebig et al. 1996; Torrelles et al. 1996, 1998b; Seth et al. 2002; Brand et al. 2003),although most of the observations show water masers assoiated to outowing material.This dihotomy has also suggested to be a possible evolutionary sequene, with watermasers traing gravitationally bound material (e.g., irumstellar disks) in the youngestsoures, and outows in more evolved YSOs (Torrelles et al. 1997, 1998b). Reently,the hot dense infalling gas after the aretion shok has also been proposed as goodenvironment to pump the maser emission (Menten & van der Tak 2004).Several studies have shown that water masers provide a good haraterization ofthe age of low-mass YSOs (e.g. Furuya et al. 2001), with Class 0 soures being the mostprobable andidates to harbor water maser emission, due to the interation of powerfulbipolar outows with a larger amount of irumstellar material. In their survey of watermaser emission towards low-mass YSOs, Furuya et al. (2001) obtained a detetion rate of40% on Class 0 soures, 4% on Class I and 0% on Class II. This fat makes soures thathost water maser emission good andidates to be in a very early stage of its evolution.The newest generation of millimeter and submillimeter interferometers (e.g.,SMA3, CARMA4, or ALMA) may provide the neessary sensitivity and resolution tolarify some of the still open questions in the star formation proesses. While these in-struments yield their expeted important results, we have used water maser emission as anessential tool to study, not only the physial onditions and kinematis of the innermostregions of low-mass YSOs, but also their stage of evolution and the loation of their entralYSOs. An important part of this thesis will be dediated to detet and observe the watermaser emission in low-mass YSOs with both single-dish and interferometri tehniques.3Submillimeter Array4Combined Array for Researh in Millimeter-wave Astronomy



22 Chapter 1 : Introdution1.7 Motivation, methodology, and work sheme1.7.1 Motivation and methodology of this thesisThe presentation of this thesis has taken plae just at the time previous to thedevelopment of the next generation interferometers like EVLA5, eSMA6, CARMA, SKA7,or ALMA. These instruments will play a ruial role in solving some of the questions stillopen today about the formation of stars and planetary systems, sine ritial sales formost of the star forming proesses mentioned above are of the order of 100�1000 for nearbylow-mass moleular louds, and in most ases subarseond resolution is needed to resolvesome of these phenomena, speially the protoplanetary disks.While we wait for these next-generation instruments, we have pressed to theirlimits the apabilities of some of the urrently available radio telesopes in order to on-tribute to our understanding of some phenomena related to the star formation proessesin the low-mass star formation framework. Some of the aspets treated in this work arerelated to some basi questions like:1. Whih are the youngest protostars?2. What are the best preditors for the presene of water masers and what haraterizetheir pumping soures?3. Where is the loation of the entral engine of the mass-loss phenomena observed inSFRs?4. What are the hemial, kinematial, and physial properties of the gas surroundingthe innermost regions in YSOs?5. What kind of observations will allow us to extrat information about the physialparameters of disks?6. How are all these phenomena related?7. How an we obtain the best quality maps in thermal moleular line observations?In order to answer these questions, we have used the emission of various thermalmoleular lines and water masers (see setion 1.6) as tools to derive information about thephysis, kinematis and stage of evolution of YSOs.The methodology applied in this thesis has been to perform spetrosopisingle-dish observations to obtain the most interesting andidates to be observed at higherresolution with interferometri tehniques. The synergy between single-dish and interfer-ometri observations allows a more eÆient use of both kind of instruments. In this thesiswe have mainly used the Robledo-70m antenna to perform single dish surveys, and laterwe have arried out VLA8 observations in our most interesting detetions.5Expanded Very Large Array6Expanded Submillimeter Array7Square Kilometer Array8Very Large Array



1.7 Motivation, methodology, and work sheme 23With this purpose, we have set-up NASA's 70 m antenna loated at the MadridDeep Spae Communiation Complex, in Robledo de Chavela, to make possible spe-trosopy Radio Astronomy observations. This radio telesope is one of the most sensitivein the world (see setion 2.2), but it had been sienti�ally underused in reent years.Nevertheless, the results obtained in this thesis show the usefulness of the Robledo-70mantenna to perform Radio Astronomy observations and to obtain high-quality data.We have arried out the �rst spetrosopi observations with this antenna andthis thesis presents some these pioneering results. In total, our work has already yieldedsix papers either published or aepted in refereed astronomial journals during 2004 and2005, and the �rst months of 2006 (de Gregorio-Monsalvo et al. 2004, 2005a,b; G�omez etal. 2005; Kondratko et al. 2006; de Gregorio-Monsalvo et al. 2006). Among these results,it is worth mentioning two projets in whih the author of this thesis has been ativelyinvolved, using the 70 m antenna, although they fall beyond the sope of the work wepresent here:� Searh for water maser emission toward planetary nebulae. This survey was donewith the Robledo-70m and the Mediina-32m antennas, as well as the VLA, andit provided the seond detetion of a water maser in a planetary nebula: IRAS17347�3139 (de Gregorio-Monsalvo et al. 2004). In addition, this study has beenomplemented with radio ontinuum observations using the ATCA9 interferometer(G�omez et al. 2005).� Smithsonian Astronomial Maser Blak hole All-Sky Survey. This projet aims tosearh for H2O maser emission in the viinity of supermassive blak holes at thenulei of distant galaxies. It is led by the Smithsonian Astrophysial Observatory,whih so far has provided 15 detetions out of 630 AGNs observed, using NASA's70 m antennas in Spain and Australia, and omplemented with GBT10 and VLAobservations (Greenhill et al. 2003; Kondratko et al. 2006).In addition, this thesis is the �rst one whose results are mainly based on spetro-sopi observations with the Robledo-70m antenna. Due to the importane of the set-upand tests of the Robledo-70m antenna equipment for the development of this thesis, inChapter 2 we will present a detailed desription of the tehnial harateristis and of theobservation and alibration proedures.
9Australia Telesope Compat Array10Green Bank Telesope



24 Chapter 1 : Introdution1.7.2 Work shemeThis thesis is strutured as follows:� In hapter 2 we desribe the proedures and tehnial work arried out at theMadrid Deep Spae Communiation Complex to make possible the spetrosopyobservations with the Robledo-70m antenna. That hapter is also intended as areferene for prospetive users of this faility.� In hapter 3 we present the most extensive and sensitive survey of water maserstowards Bok globules to date, in order to derive the better preditors for the preseneof water maser emission. This work is omplemented in hapter 4 with high-resolution interferometri studies using the VLA to aurately determine the spatialdistribution of the maser emission, interation with the surrounding medium, andinformation about the exiting soure.� In hapter 5, we show a survey of CCS and NH3 in low mass YSOs with thepresene of water maser emission. Our main goals were to searh for indiators ofloud evolution and �nd the best andidates to make interferometri studies apply-ing a new tehnique of ross-alibration in spetral line, whih would allow us toobtain high-quality and high-resolution maps. This study is omplemented in hap-ters 6 and 7 with a detailed interferometri multimoleular study of the kinematis,physis, and hemistry of the region surrounding the infrared soures B1-IRS andIRAS 16293�2422.� Chapter 8 is entered on a theoretial study of protoplanetary disks. We performa novel statistial approah to study the moleular line emission of protoplanetarydisks. In preparation of future observations with instruments suh as ALMA, we al-ulated the expeted emission from disk with di�erent physial parameters parame-ters, and we try to predit whih observational harateristis yield more informationabout those physial parameters. We also present prospets for moleular line obser-vations of protoplanetary disks, using millimeter and submillimeter interferometers,based on our results.� In hapter 9 we summarize the onlusions of this thesis and we expose future linesof work.
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Chapter 2Radio Astronomy at the MadridDeep Spae CommuniationComplexIn this hapter we give an introdution to the Radio Astronomy at the MadridDeep Spae Communiation Complex (MDSCC), in partiular about the spetrosopiobservations with the 70 m antenna, on whih an important part of this thesis is based.We show the setup used in our observations and how these were performed. We alsodesribe our determination of the antenna parameters needed for a proper alibration ofthe Radio Astronomy data.2.1 The Deep Spae Network and Radio AstronomyThe NASA's Deep Spae Network (DSN) is an international olletion of antennasthat support earth-orbiting and interplanetary spaeraft missions, as well as radio andradar astronomy observations for the exploration of the Solar System and the Universe.The DSN is managed by the Jet Propulsion Laboratory (JPL).The urrent struture of the DSN onsists of three Deep Spae CommuniationComplexes (DSCCs) loated in di�erent ontinents, and separated approximately by 120degrees in longitude to allow ontinuous observations of spaeraft as the Earth rotates(see Fig. 2.1). There is a omplex at Goldstone, in California, USA (GDSCC), anotherone at Tidbinbilla, near Canberra, Australia (CDSCC), and the third one at Robledode Chavela, near Madrid, Spain (MDSCC). The omplexes host several reeiving andtransmitting stations equipped with steerable paraboli dish antennas of di�erent diameterand ultrasensitive reeiving systems. There are at least four stations in eah omplex:



26 Chapter 2 : Radio Astronomy at Madrid Deep Spae Communiation Complex.� One 26-meter diameter antenna: originally built to support the Apollo missions tothe Moon, it is used for ommuniating with Earth-orbiting satellite spaeraft.� One 34-meter diameter high eÆieny antenna (HEF): it ontains a preision-shaped reetor, for maximum signal-gathering apability.� One 34-meter diameter beam waveguide antenna (BWG): based on the HEF design,it hosts �ve mirrors that reet radio signals along a beam-waveguide tube from thevertex of the antenna to the pedestal equipment room, making the aess easier formaintenane and modi�ation.� One 70-meter diameter antenna: the largest and most sensitive antenna of theomplexes, apable of traking the deepest spae missions.
Goldstone Robledo Canberra

Figure 2.1: NASA's Deep Spae Communiation Complexes around the world. Credits:NASA



2.1 The Deep Spae Network and Radio Astronomy 272.1.1 The Deep Spae Network funtionsThe Deep Spae Network serves as a ommuniation instrument in spae explo-ration, as well as a faility for siene researh. The main funtions of the DSN antennasare:� Reeption of telemetry data from spaeraft missions, and transmission of ommandsto spaeraft.� Radiometri traking of the position and veloity of spaeraft.� Very Long Baseline Interferometry (VLBI) observations to measure positions of radiosoures, DSN stations, interstation time and frequeny o�sets, and Earth orientationparameters.� Monitoring and ontrol of the performane of the DSN.� Siene:- Radio Siene data: Reording of hanges in the radio signal sent by a spaeraft asit passes through a planetary atmosphere or the Solar orona. This method providesinformation about the atmosphere, surfae, gravity, and rings of the planets, as wellas interplanetary plasma, planetary gravity, and mass of the Solar System bodies.- Radar Astronomy: extration of information from the ehoes of radio emissionreeted from Solar System bodies.- Earth Dynamis: measurement of geodeti positions via Global Position Systemsatellites.- Interferometri Radio Astronomy observations: They inlude global observationswith the European VLBI Network (EVN), the Very Large Baseline Array (VLBA),and other ground-based radio telesopes, as well as past spae VLBI observationsarried out with the spae antenna HALCA of the VLBI Spae Observatory Program(Hirabayashi & Hirosawa 2000; Hirabayashi et al. 2000; Smith et al. 2000). Moreover,the Goldstone 70 m antenna has been used in ombination with the Very Large Array(VLA) interferometer as a radar siene instrument (Bolton et al. 2001).- Single Dish Radio Astronomy Observations: interestellar mirowave spetrosopyand ontinuum single-dish observations.Nowadays, there are three antennas available for Radio Astronomy observationsat the Robledo DSN omplex: a 70 m antenna (DSS-63) dediated to perform spetrosopyobservations at entimeter wavelengths, and two 34 m antennas: DSS-61, dediated exlu-sively to the eduational projet PARTNeR (Proyeto Aad�emio on el Radio Telesopio



28 Chapter 2 : Radio Astronomy at Madrid Deep Spae Communiation Complexde NASA en Robledo), and the HEF DSS-65, mainly used for VLBI observations. In thenear future the BWG antenna DSS-55, will be equipped with a Q-band reeiver to performRadio Astronomy observations at 7 mm.In addition to Jet Propulsion Laboratory (JPL) alloated time, DSN failities anbe used by \Host Country" sientists for independent Radio Astronomy observations. The\Host Country" observing time alloation is managed by the Commonwealth Sienti� andIndustrial Researh Organization (CSIRO) in Australia, and the Laboratorio de Astrof��siaEspaial y F��sia Fundamental (LAEFF) of the Instituto Naional de T�enia Aeroespaial(INTA), in Spain.2.1.2 Host Country observations at MDSCCAbout 260 hours per year and per available antenna are reserved for Spanishastronomers at the Robledo station. Spanish \Host Country" observations at MDSCCbegan in the 70's 80's with radio ontinuum observations at X and S bands using theCebreros and Robledo failities (see, e.g., Estalella et al. 1983; Paredes et al. 1987, 1990).These pioneering observations represented the starting point of Radio Astronomy in Spain.Our group started the spetrosopi observations with the Robledo-70m antenna (DSS-63)in the year 2001, after several years of installation, optimization, software development,and testing. Sine then, we have arried out several single-dish surveys of moleular lines,searhing for high-density traers (CCS and NH3) in young stellar objets, water maseremission in AGNs, evolved stars, and star forming regions, as well as methanol masersaround evolved objets. Some of these surveys have been arried out for this thesis work(see Chapters 3 and 5).2.2 Spetrosopy with the 70 m antenna DSS-632.2.1 General harateristisNowadays, Host Country time at MDSCC is dediated to perform spetrosopiRadio Astronomy observations at K-band (wavelengths ' 1 m), with the 70 m antennaDSS-63. In Table 2.1 we present a summary of the general properties of the antennaand radiometry system at K-band frequenies, that will be extensively explained in nextsetion.2.2.2 DSS-63 in the international Radio Astronomy ontextThe DSS-63 antenna is one of the most sensitive radio telesopes in the world,and an be ompared with the K-band apabilities of the largest and most sensitive radiotelesopes: the 100-m E�elsberg antenna and the Green Bank Telesope (see Table 2.2).



2.2 Spetrosopy with the 70 m antenna DSS-63 29
Table 2.1: Charateristis of the DSS-63 Spetrosopy SystemAntenna System K-band reeiver SpetrometerName: Deep Spae Station 63 Ampli�er type: ooled HEMT 4Spetra-DataDiameter: 70 m Frequeny range: 18�26 GHz Type: Digital autoorrelatorType: paraboli assegrain Polarization: LCP or RCP BW: 1, 2.5, 5, and 10 MHzMount: azimuth/elevation 3Tsys: 50 K (winter) N. hannels: 256Latitude: 40o2505200 N 75 K (summer) Observing mode: frequeny swithingLongitude: 04o1405300 WAltitude: 865.5 m 5Spaeborne-5001HPBW (22 GHz, el=40o): 4200 Type: Digital autoorrelator2� (22 GHz; el=40o): 49% maximum BW: 2, 4, 8, and 16 MHzSensitivity (22 GHz, 40o): 0.7 K/Jy N. hannels: 384Pointing auray: �1000 Observing mode: position swithing6SAO4KType: Digital autoorrelatorBW: 400 MHzN. hannels: 4096Observing mode: position swithingNotes to Table 2.11Half Power Beam Width.2Aperture eÆieny.3System temperature at zenith, in good weather onditions.4This spetrometer was used from 2001 to 2003. Now it is not working any longer.5This is the autoorrelator urrently used.6This spetrometer belongs to the Smithsonian Astrophysial Observatory and it is used in the SAMBA survey.

Table 2.2: DSS-63 vs other antennas1Telesope Diameter (m) Aperture eÆieny(�a) Resolution Sensitivity(K/Jy)E�elsberg 100 29% 4000 0.8GBT 100-110 55% 3400 1.5Robledo DSS-63 70 49% 4200 0.7Note to Table 2.21Values at 22 GHz



30 Chapter 2 : Radio Astronomy at Madrid Deep Spae Communiation Complex2.3 DSS-63 radio frequeny signal pathwayIn this setion, we present a sketh of the pathway that the inoming radiosignal follows, from the �rst reetion onto the antenna surfae, until its arrival to thespetrometer.2.3.1 The �rst enounter: The big dishDSS-63 is a Cassegrain-fous antenna omposed of a large 70 m diameter ol-leting surfae that fouses the inoming radio frequeny (RF) onto a subreetor, whihin its turn sends the RF into the feed horns, loated on the main dish (see example of aCassegrain fous antenna in Fig 2.2). These primary and seondary reetors are shapedas modi�ed paraboloids to allow a more uniform illumination of one reetor by the other.The subreetor is adjustable in both axial and angular position, to atively orret forgravitational deformations of the antenna as it moves between zenith and horizon.There are two K-band feed horns (on- and o�-axis, see Fig. 2.3). For the timebeing, the o�-axis feed is not used in spetrosopy observations.

Feed Horn

Secondary reflecting surface

Primary reflecting surface

Figure 2.2: Example of Cassegrainian antenna. Credits: NASA



2.3 DSS-63 radio frequeny signal pathway 312.3.2 The next step: The reeiving systemThe funtion of a radio telesope reeiver is to detet, �lter, and measure theinoming radio emission. In most ases, the radio emission from elestial soures is ex-tremely weak inoherent radiation whose statistial properties do not di�er muh eitherfrom the bakground radiation oupled to the reeiver by the antenna or from the noiseoriginated in the reeiver itself. For this reason, signal ampli�ation is required to reah adetetable level. On the other hand, the transmission of high-frequeny signals is diÆult,due to the high attenuation of these signals through ables, whih makes a transformationto lower frequenies neessary.The DSS-63 K-band reeiving system is a superheterodyne reeiver that �lters,ampli�es, and transforms the inoming high signal frequeny from 18�26 GHz to anintermediate frequeny (IF) of 321.4 MHz. For larity, we have divided this system in twomodules: the K-band front-end, and the down-onverter system.� K-band front-end
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Figure 2.3: K-band front-end diagram. Dashed lines represent omponents not used inK-band spetrosopy.



32 Chapter 2 : Radio Astronomy at Madrid Deep Spae Communiation ComplexThe �rst stage of the reeiving system used in K-band spetrosopy is omposedof an on-axis feed, a load at ambient temperature (\ambient load"), and a noise diodefor alibration, and a polarizer that allows us to observe in either left or right irularpolarization (see Fig. 2.3). Currently (as of 2005 September), we only observe in leftirular polarization (LCP). Alternatively, the observations ould be performed in RCP,but not in both polarizations simultaneously.The next omponent is a ooled High Eletron Mobility Transistor (HEMT),whih is a low-noise ampli�er (LNA) under ryogeni ooling onditions (using liquid he-lium). This equipment ampli�es the weak radio signals minimizing the noise temperature(see Fig 2.3).� Down-Converters (Modular Measurement System)The DSS-63 antenna ontains two independent Modular Measurement System(MMS) downonverters, but only one of them is used in spetrosopy observations. TheMMS onsist of two ampli�ers, a bandpass �lter of ' 50 MHz bandwidth, a loal osillator,and a mixer. After this stage, an intermediate frequeny (IF) of 321.4 MHz is obtained(See Fig. 2.4).
PRE−AMPLIFIER

PRE−AMPLIFIER

PRE−SELECTOR

BAND−PASS FILTER

MIXER

LOCAL OSCILLATOR

MMS

BW=50 MHz

IF=321.4 MHzFigure 2.4: Modular Measurement System diagram. Dashed lines represent omponentsnot used in K-band spetrosopy.



2.3 DSS-63 radio frequeny signal pathway 332.3.3 The �nal step: The bak-end systemThe IF frequeny at 321.4 MHz from the reeiving system, passes throughoutan IF distributor, whih sends the radio signal to both, a power meter (used for alibra-tion) and a spetrometer. Three di�erent spetrometers have been used in Host Countryobservations:� Spetrada-data (SDS): This was the �rst spetrometer used in Host CountryRadio Astronomy observations at DSS-63, and was operative at MDSCC from 2001to 2003. It was a 256-hannel digital autoorrelator, with four di�erent bandwidthsavailable of 1, 2.5, 5, and 10 MHz.The IF from the reeiving system was mixed with the signal from two suessiveloal osillators at 271.4, and 50 MHz respetively, obtaining an output signal atbaseband (0 MHz). Bandpass �lters divided the signal into two half-bandwidthsignals, that were transformed by an analog-to-digital onverter into a digital signalwith the desired bandwidth, ready to be measured by the SDS (see Fig. 2.5, leftpanel).� Spaeborne-500 (SPB500): This is is the new spetrometer available for spe-trosopy observations. It is a 512-hannel digital autoorrelator, although only 383are usable at the bandwidths used in our observations: 2, 4, 8, and 16 MHz.In this ase, the IF passes through a video onverter that �lters the signal intothe desired bandwidth and mixes it with a loal osillator of 321.4�1/2 BW MHzfrequeny, whih enters the tunned radio frequeny at the hosen bandpass. Anoutput to a seond power meter is available at this stage, also used for alibration(see Fig. 2.5, right panel).� SAO4K: This spetrometer belongs to the Smithsonian Astrophysial Observatoryand it is used in the SAMBA survey projet (see setion 1.7), to searh for new masersoures within the nulei of galaxies (Greenhill et al. 2003; Kondratko et al. 2006).It is a portable spetrometer available generally during the loal winter at Robledode Chavela and Tidbindilla omplexes, by speial arrangement with the prinipalinvestigator of the projet. SAO4K is a 4096-hannel digital autoorrelator withbandwidths up to 400 MHz. We have used this spetrometer for a few days in whihSDS was not operational (see setion 3.2).We summarize the total signal pathway in Fig. 2.6.
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36 Chapter 2 : Radio Astronomy at Madrid Deep Spae Communiation Complex2.4 From the observations to the PhysisA typial spetrosopy observing session at the Robledo de Chavela station on-sists of several proedures for system on�guration, line alibration, pointing hek, anddata aquisition. For almost four years, astronomers had to be present at the MDSCC toperform spetrosopy observations, although remote observations were implemented at thebeginning of 2005. In this setion, we will go over the most important onepts and equa-tions that are used in the alibration proess. We will also summarize the di�erent stepsneessary to arry out a spetrosopy observation, from the initial system on�gurationto the �nal data aquisition.2.4.1 Some basi equations and de�nitions2.4.1.1 Brightness temperature: The Rayleigh-Jeans approximationThe brightness or intensity emitted by a blakbody at a temperature T and afrequeny �, is given by the Plank funtion:I�(T ) = 2h�32 1eh�=kT � 1 ; (2.1)where h is the Plank's onstant, k is the Boltzmann's onstant and  is the veloity oflight. At radio wavelengths h� � kT , an the expansion of the exponential eh�=KT' 1 +h�KT+... results in the Rayleigh-Jeans law:I�(T ) = 2�22 kT = 2�2kT (2.2)in whih the brightness emitted by a blakbody is proportional to its thermodynamitemperature. From the Rayleigh-Jeans law we an de�ne the brightness temperature, Tb,as the temperature of a blak body that emits the same intensity as the observed objet:Tb = �22k I�(T ) : (2.3)The ux density of a soure is de�ned asS� � ZZsoure I� d
 : (2.4)Then, the ux density of a soure of uniform brightness temperature Tonst that subtendsa solid angle 
s is, in the Rayleigh-Jeans regime:S�(T ) = ZZsoure I�(T ) d
 = 2k�2 Tonst
s : (2.5)



2.4 From the observations to the Physis 372.4.1.2 EÆieny parametersBeam pattern [Pn(�; �)℄The normalized beam pattern, Pn(�; �), is the normalized response of the antennato radiation, as a funtion of the angles � and � (see Fig 2.7).

φ

θ

Pn(0,0)=1

Pointing direction

Main beam

Side lobes

Figure 2.7: Diagram of a normalized beam pattern of an antenna in spherial oordinates.Beam solid angle (
a)The beam solid angle, 
a, is the integration of the beam pattern over the wholesky (4� radian), i.e., the whole beam inluding sidelobes:
a = ZZ4� Pn(�; �) d
 : (2.6)Main beam solid angle (
mb)This parameter is the integration of the beam pattern over the main lobe of thebeam (see �g 2.7): 
mb = ZZMain lobe Pn(�; �) d
 : (2.7)



38 Chapter 2 : Radio Astronomy at Madrid Deep Spae Communiation ComplexMain beam eÆieny (�mb)It is the ratio between the main beam solid angle and the total beam solid angle:�mb = 
mb
a : (2.8)This eÆieny indiates what fration of the total power that an antenna an reeiveatually enters through the main lobe of the beam. Its omplementary, the stray fator(1� �mb), reets the ontribution of the sidelobes.E�etive aperture (Ae)It is the area of a perfet (100% eÆieny) antenna that would reeive the samepower as the one observed in our real antenna. The antenna theorem (Stanimirovi et al.2002) states that: Ae
a = �2 : (2.9)Geometri aperture (Ap)It is the physial area of the antenna:Ap = ��Diameter2 �2 : (2.10)Aperture eÆieny (�a)This is a parameter that we need to determine for the alibration of our data. Itis the ratio between the e�etive and the geometri aperture:�a = AeAp : (2.11)
2.4.1.3 Antenna temperature: The Nyquist theoremThe spetral power w available at the terminal of a resistor of temperature T isw = k T (Nyquist 1928). Therefore, if we reeive a power w with an antenna, we ande�ne the temperature of a resistor that yields the same power:w = k TA ; (2.12)where this equivalent temperature, TA, is alled \antenna temperature". The antennatemperature is often used as the intensity sale for Radio Astronomy observations.



2.4 From the observations to the Physis 392.4.1.4 The measured antenna temperatureThe power per unit bandwidth reeived by an antenna of e�etive area Ae andbeam pattern Pn(�; �), from a soure with brightness distriburion I�(�; �) is:w = 12 Ae ZZ I�(�; �) Pn(�; �) d
 : (2.13)The observed ux density of the soure with suh an antenna is:Sobs = ZZsoure I�(�; �) Pn(�; �) d
 ; (2.14)while the real ux density of the soure is de�ned in 2.4. When the soure is muh smallerthan the antenna main beam, then Pn ' 1 for the whole soure extent, and the ux densityof the soure (S�) would be equal to the ux density observed (Sobs). From equations 2.12,2.13, and 2.14, we derive: S� = 2kAeTA (for a point soure). (2.15)From equations 2.12 and 2.13 we an obtain a general expression for the antenna temper-ature of the soure: TA = 12kAe ZZsoure I�(�; �) Pn(�; �) d
 (2.16)Considering the Rayleigh-Jeans approximation and the antenna theorem, i.e., equations2.3 and 2.9: TA = 1
a ZZsoure Tb(�; �) Pn(�; �) d
 ; (2.17)where Tb is the brightness temperature of the soure.- For a point soure, Pn(�; �)'1, thenTA = 1
a ZZsoure Tb(�; �) d
 ' 
soure
a Tavg ; (2.18)where Tavg is the average brightness temperature of the soure. The fator 
soure=
ais often referred to as the \�lling fator" of the soure.- For an extended soure that �lls the main beam (i.e., 
s ' 
mb), and its brightnesstemperature is onstant (Tonst), then:TA = Tonst
a ZZsoure Pn(�; �) d
 = Tonst
mb
a = Tonst �mb : (2.19)Therefore, the main beam brightness temperature, de�ned asTmb � TA�mb (2.20)an be onsidered as a good approximation to the brightness temperature of extendedsoures, assuming that this temperature does not hange muh within the main lobeof the beam.



40 Chapter 2 : Radio Astronomy at Madrid Deep Spae Communiation Complex2.4.2 System on�gurationBefore a spetrosopy trak at DSS-63 starts, astronomers have to on�gure thesystem for K-band observations. This proedure onsists of the following steps:� Calibrate the zero-point of the power meters: These instruments have a good linearresponse with input power. However, the reading at zero input power has to be resetregularly.� Con�gure and hek the front-end for K-band: This inludes heking the tempera-ture of the reeiver, ativating the ampli�er, and heking the antenna signal usingthe power meter readings. The program \CRDE Menu", developed in the Tl/Tklanguage by JPL sta�, makes these operations possible (see Fig 2.8).� Con�gure the MMS downonverters: Seleting the desired preampli�ers, preseletor�lter, and initial sky frequeny. CRDE Menu has a submenu to perform theseativities (see Fig 2.8).� Con�gure the bak-end system: This step inludes setting the appropriate mixerfrequeny and �lters, ativating the A/D onverter, and launhing the spetrometerontrol program (for the old SDS spetrometer), or on�guring the video onverters,setting the desired bandwidth, and launhing the spetrometer ontrol program (forthe new SPB500 spetrometer).� Con�gure the DSS-63 antenna for K-band: This ativity is arried out by the sta-tion operators and onsists of moving the subrefretor to send the signal to theK-band feed, loading the pointing orretion model and the information of the �rstsoure, and ativating the antenna motors to move the antenna towards the hosenposition.One everything is on�gured, the astronomer is ready to launh the observingprogram: the \Experiment Control". This program, also developed at JPL in Tl/Tklanguage, reports and ontrols every element needed during a spetrosopy observation.It provides ontrol over the front-end and MMS elements, as well as over the antennamotion. It implements proedures for alibration, pointing, and data gathering with anyattahed spetrometer. See a snapshot of the Experiment Control program in Figure 2.9.
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Figure 2.8: CRDE Menu program for the system on�guration
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Figure 2.9: Observing program for spetrosopy observations (Experiment Control)



2.4 From the observations to the Physis 432.4.3 Antenna temperature alibrationThe �rst step in the data alibration is to know the orrespondene betweenthe readings of the power meter (in Watt) and the equivalent antenna temperature (inKelvin). Our power meters show a good linear behavior, and the antenna temperature(TA) alibration ould be easily obtained with a linear �t between the power (P1 and P2)reeived from two blak bodies of known temperature (T1 and T2):T1 = mP1 + n (2.21)T2 = mP2 + n (2.22)The antenna temperature alibration problem is solved by alulating the slope (m) andthe interept (n) of the linear �t: m = T1 � T2P1 � P2 (2.23)n = T1 � P1 T1 � T21� P2=P1 (2.24)The alibration proedures we used in our observations assume that, besides a linearbehavior of the power meters, their zero-power point is orretly set up, so that theinterept n equals 0. A linearity hek (see below) is implemented to on�rm that thealibration is orret.In DSS-63 K-band observations, alibration has been performed using a "noisediode" and/or an "ambient load" with known equivalent temperature (Tdiode and Tambrespetively), loated at the entry of the reeiving system (see Fig. 2.3). Spetrosopydata have been alibrated in two di�erent ways, depending on the spetrometer used:� Old alibration system, used in observations performed with the SDS spetrom-eter, it was performed by means of two measurements of the sky, the �rst one withthe diode turned o�, and the seond one with the diode turned on, so that (seeFig. 2.10, left panel): T1 = Tsky + Tre (2.25)T2 = Tsky + Tre + Tdiode (2.26)Where Tre is the temperature of the reeiving system, that is omposed of theontribution of the di�erent omponents (e.g., ables, mixers, ampli�ers) loatedbefore the input to the spetrometer. Tre is onsidered measurable and known,



44 Chapter 2 : Radio Astronomy at Madrid Deep Spae Communiation Complexand it does not vary muh with either time or frequeny. Then, the fator of thepower-temperature onversion is: m = �TdiodeP1 � P2 (2.27)These alulations were performed internally by the ontrol program of the SDSspetrometer.� New alibration system, for observations made with the SPB500 spetrometer,we make use of the known equivalent temperature of the ambient load. Then, underthe assumption of zero interept for the power meter readings, the alibration isperformed with only one measurement of antenna temperature, that inludes theontribution of the ambient load and the reeiving system:T1 = Tre + Tamb (2.28)Then the onversion fator to obtain antenna temperatures is:m = Tre + TambP1 (2.29)This alibration proess is performed by the task \minial", within the \ExperimentControl" program. In addition, in eah minial the system tests the linearity of thepower meter, by measuring the power for three more antenna temperature points(T2, T3, and T4, see Fig. 2.10, right panel):T2 = Tre + Tamb + Tdiode (2.30)T3 = Tre + Tsky + Tdiode (2.31)T4 = Tre + Tsky : (2.32)The program then ompares the noise diode temperature obtained in the high-powerregime (T2 � T1) with that of the low-power regime (T4 � T3) that, ideally, should beidential. We usually obtain values of non-linearity better than 2%.In the alibration system of SPB500, it is usually enough to obtain the alibrationfator m only one per frequeny during an observing session, sine the power meterresponse is known to be stable on timesales larger than the typial durations of ourobserving traks (' 8 h). The power meter readings are reorded every few seonds, anda system temperature an easily be assigned to eah spetrum.
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Figure 2.10: Calibration shemes to obtain antenna temperatures
2.4.4 PointingIn K-band spetrosopy at DSS-63 we use a pointing model that provides or-retions to systemati pointing errors for di�erent values of azimuth and elevation. Thismodel is built by making sans in both elevation and ross-elevation (the diretion of amajor irle perpendiular to the loal meridian at the soure position) over strong on-tinuum alibrators, for a wide range of azimuth an elevation. Pointing orretions areestimated by alulating the deviation of the peak of a Gaussian �t to the data with re-spet to the atual pointing position of the antenna. This model is heked and revisedperiodially by MDSCC sta�.In addition to those �rst-order orretions, before we observe a soure, and inorder to further improve the observing position, it is neessary to make a pointing hek(whih we will all \boresight") over a strong ontinuum soure near our target. Thisproedure an be made by the task \boresight" in the \Experiment Control" program,and onsists of performing ross-sans in elevation and ross-elevation aross the alibrator,measuring the TA at the nominal pointing positions, points at half-beam distane, andpoints ompletely o�-soure (Fig. 2.11). From these measurements, and assuming thatthe beam is a Gaussian, we derive the pointing orretion.We usually get rms pointing auraies better than 500 in our observing sessions.In the worst onditions, the pointing auray is always better than 1000. One we havea good pointing estimate, we are already prepared to arry out the next step: observe aninteresting soure.
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Figure 2.11: Experiment Control boresight2.4.5 System temperature and atmospheri orretionsThe antenna temperature measured toward a soure is the sum of the systemtemperature (Tsys) and the soure temperature (Ts) attenuated by the atmosphere.TA = Tsys + Ts e��0A ; (2.33)where �0 is the opaity at zenith, A is the air mass [1= sin(h)℄, and h is the antenna ele-vation. The system temperature is the ontribution of the noise produed by the antennaomponents loated before the input to the spetrometer (Tre) plus and the atmospheriemission (Tatm), and therefore:TA = Tre + Tatm + Ts e��0A : (2.34)The atmospheri ontribution is Tatm = Teq(1� e��0A), where Teq is the mean equivalenttemperature of the atmosphere (' 265 K):TA = Tre + Teq(1� e��0A) + Ts e��0A : (2.35)To determine the soure temperature, we have to substrat the system temperature andderive the value of �0. In pratie, the soure temperature an be separated from thesystem temperature by making two observations: one of them ON soure (i.e., inludingthe soure within the beam), and the other one OFF soure (i.e., without inluding thesoure), then: TON = Tsys + Ts e��0A ; (2.36)



2.4 From the observations to the Physis 47TOFF = Tsys ; (2.37)The value of the soure temperature attenuated by the atmosphere will be given by:Ts e��0A = � TONTOFF � 1� Tsys ; (2.38)whih is the algorithm we used to alibrate our spetra.2.4.5.1 System temperature substrationThe value of the system temperature an be easily eliminated in spetrosopiobservations using two basi observing modes:� Position swithing: This tehnique involves observing the soure of interest andthen moving the telesope to a region in the sky lose to our soure and takinganother spetrum. Then the spetra are divided and the equation 2.4.5 is applied,obtaining the value of Ts e��0A. This is the mode used in observations with the newspetrometer SPB500.� Frequeny swithing: This tehnique obtains the sky information by keeping thetelesope pointed at the soure of interest, but swithing the enter frequeny of themeasurements. Assuming that the system emission does not hange muh withinthe applied frequeny shift, the two sets of data are divided and the equation 2.4.5is applied, obtaining the value of Ts e��0A. This was the mode used in observationswith the old spetrometer SDS.2.4.5.2 Atmospheri orretionsAt entimeter wavelengths, water vapor is the major ontributor to atmospheriopaity. To orret for atmospheri absorption we must know the value of the atmospheriopaity at the zenith (�0) and the elevation where the soure was observed. In RobledoK-band spetrosopy the �0 is obtained by observing the blank sky at di�erent elevations,from zenith to horizon, and by building a urve of system temperature versus elevation:TA = Tsys = Tre + 265 (1� e��0A) : (2.39)This proedure is made by the task \tipping urve", implemented in \Experiment Con-trol". It assumes an optially thin atmosphere, whih transforms equation 2.39 in:Tsys = Tre + 265 (�0A) (2.40)Then, performing a linear �t, both values, �0 and Tre, are obtained. Tipping urvesare obtained at least one per observing session and per frequeny observed. If weatheronditions drastially hange during an observation, this proedure has to be repeated.Typial zenith opaities were ' 0:08.



48 Chapter 2 : Radio Astronomy at Madrid Deep Spae Communiation Complex2.4.6 Sale onversion2.4.6.1 Aperture eÆienyTo estimate the relationship between the antenna temperature and the ux den-sity of a point soure, we need an estimate of the aperture eÆieny of the antenna. Fromequations 2.11 and 2.15: S� = TAAe=2k = 2kTA�aAp : (2.41)This equation indiates that the aperture eÆieny �a an be estimated by measuring theantenna temperature of a soure of known ux density, at di�erent elevations. For theDSS-63 antenna, and as an example, we will show how we have proeeded to determinethe aperture eÆieny for data taken after 2004 April:� We measured the antenna temperature of a strong ontinuum alibrator visible ina wide range of elevations and at a frequeny of 22340.1372 MHz. To do this,we made ross-sans at di�erent elevations of the soure 3C84 (S22GHz & 10 Jy),whih ulminates near zenith at Robledo. The peaks of Gaussian �t to these sansprovided the soure antenna temperature, whih was then orreted for atmospheriopaity (see Fig. 2.12). We made a 4-degree polynomial �t to ompute the shapeof the aperture eÆieny urve as a funtion of the elevation. Sine 3C84 is nota primary alibrator, we also made observations at the same frequeny toward thefainter (S22GHz ' 2:6 Jy) ux density alibrator 3C286 (see Fig. 2.12).
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3C84

3C286

Elevation (deg)Figure 2.12: Antenna temperature of soures 3C84 and 3C286 as a funtion of elevation,after orretion by atmospheri opaity. Crosses and triangles represent the data for 3C84and 3C286, respetively. The green urve is the 4-degree polynomial �t to the 3C84 data.



2.4 From the observations to the Physis 49� We resaled the polynomial obtained for 3C84, to get the best least-square �t to theantenna temperature data of 3C286 (see Fig. 2.13) for the elevations in whih bothdatasets overlap.
3C84
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Scaled 3C84 

Figure 2.13: The blue urve is the resaled 4-degree polynomial �t to the 3C84 data.Symbols and green urve have the same meaning as in Fig. 2.12� We multiplied the soure antenna temperature data of 3C84 by the fator obtainedto sale the polynomial, in order to sale 3C84 to the ux density of 3C286. Wethen made a new 4-degree polynomial �t to the saled 3C84 data together with the3C286 data (see Fig. 2.14). This provides a �t to the antenna temperature of 3C286as a funtion of elevation, valid for elevations between 19o:1 and 80o:0.
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Elevation (deg)Figure 2.14: Final shape of the antenna eÆieny urve. The violet urve is a 4-degreepolynomial �tting to the saled 3C84 data and the 3C86 data. Symbols have the samemeaning as in Fig. 2.12



50 Chapter 2 : Radio Astronomy at Madrid Deep Spae Communiation Complex� Finally, we estimated the aperture eÆieny urve onsidering the physial area ofthe antenna (� [70m=2℄2), and the ux density of 3C286 at the frequeny studied,derived from1:log S� = 1:23734 � 0:43276 log � � 0:14223 (log �)2 + 0:00345 (log �)3 ;where S� is the ux density in Jansky and � is the observed frequeny in GHz. Thenusing the linear �t to TA as a funtion of elevation that we obtained, and eq. 2.41,the resulting aperture eÆieny urve at 22340.1372 MHz (see Fig. 2.15), is givenby:�a = �0:068 + 0:024 h� (1:17 � 10�4) h2 � (5:6� 10�06) h3 + (4:7 � 10�08) h4 ;with h measured in degrees. This urve is valid for elevations between 19o:1 and 80o:0,and peaks at 39o:8, with a value of �a = 0:477.
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Elevation (deg)Figure 2.15: Aperture eÆieny urve at 22340.1372 MHz, as a funtion of the elevation.In order to alulate the aperture eÆieny urve at frequenies other than22340.1372 MHz, we estimated the rms surfae auray from Ruze's formula:�a = �0 exp"��4��� �2# (2.42)Where �0 is the aperture eÆieny of a perfet paraboloid reetor with the given illu-mination properties, whih we will assume to be equal to 1, and � is the rms of surfaedeviations of our antenna from a perfet paraboloid shape. Using this formula, we deriveda peak value of � ' 0.9 mm, similar to the value of ' 0.8 mm obtained by holographi1http://www.ao.nrao.edu/~gtaylor/alman/baars.html



2.4 From the observations to the Physis 51measurements, a onsisteny that gives support to the results of our alulations. Then,we an derive the aperture eÆieny for any frequeny within the observing K-band as:�a(�) = exp ��� ��0 (p� ln[�a(�0)℄��2 (2.43)with �0 = 22340.1372 MHz.Eah time the position of the subreetor hanges for optimization, a new aper-ture eÆieny urve must be obtained, sine the illumination parameters may hange.During the four years of spetrosopy observations for this thesis, the subreetor positionhas been moved twie, thus resulting in three di�erent setups. The values reported hereare valid for the urrent position (as of 2005 September). Aperture eÆienies for allsubreetor positions we used are of similar values.2.4.6.2 Main beam eÆienyAs mentioned in se. 2.4.1.4 to estimate the main beam brightness temperatureof an extended soure, we need the value of the main beam eÆieny:Tmb = TA�mb : (2.44)The main beam eÆieny is the ratio between the main beam solid angle 
mb and thebeam solid angle 
a (see equation 2.8). The latter an be derived using equations 2.9,2.10, and 2.11, whih, for the partiular ase of a 70 m antenna, yield:
a = �2�a � �70m2 �2 : (2.45)On the other hand, we estimated the value of the main beam solid angle of DSS-63,proeeding as follows:� We arried out ross-sans on strong ontinuum point-like soures at di�erent eleva-tions, to derive the beam pattern response, at a frequeny of 23694.5 MHz . See anexample of these observations towards the alibrator 3C84 in Fig 2.16.� For eah san, we substrated a linear baseline. Then, we normalized both theelevation and ross-elevation pro�les and applied a polynomial �t to them, keepingas the main beam the urve between the �rst zeros.� We omputed the main beam solid angle by means of a bidimensional numerialintegration of the main beam pattern pro�le (see eq. 2.7). The numerial programalulates the bidimensional main beam pattern onsidering that a ut-o� of thebeam at a partiular height is an ellipse whose axes are equal to the width of theross-sans at that height (see Fig. 2.17).
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mb = 6:3751744 � 10�8 � (1:1772181 � 10�9) h+ (1:4366759 � 10�11) h2 :
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2.4 From the observations to the Physis 53
M

ai
n 

be
am

 s
ol

id
 a

ng
le

 (
ra

d 
  )

2

Elevation (deg)

Elevation (deg)

M
ai

n 
be

am
 s

ol
id

 a
ng

le
 (

G
au

ss
ia

n 
fit

) 
(r

ad
   

)
2

Figure 2.18: Upper panel: main beam solid angle derived from numerial alulations.Lower panel: main beam solid angle derived from Gaussian �ts. The solid lines repre-sent a polynomial �t to beam solid angle data. Note that, for larity, we plotted pointsorresponding to data taken on a single day, while the �tted line was built with more data.



54 Chapter 2 : Radio Astronomy at Madrid Deep Spae Communiation ComplexThe method above uses the measured beam pro�les, without assuming a Gaussianshape for them. In order to test the deviation from a Gaussian main beam, we madeGaussian �ts to the pro�les obtained in the ross-sans, and we alulated the full angularwidth between the half power points of the resulting �ts (�FWHM , the angular resolutionof the telesope). For an elliptial Gaussian with major and minor FWHM �M and �m,respetively, the main beam solid angle would be (Stanimirovi et al. 2002):
mb = �4 ln2 �M �m = 1:133 �M �m : (2.46)The values obtained with Gaussian �ts (Fig. 2.18, lower panel) are onsistent with thevalues obtained in the numerial alulations.The angular resolution � is limited by the di�ration pattern of the radio telesope. Fora irular aperture, the angular resolution is � ' 1:22�=D, with D the diameter of theaperture and, in general: � � 1� (2.47)Then: 
mb � 1�2 (2.48)and the main beam as a funtion of elevation and frequeny would be:
mb(�) = 
mb(�0) h�0� i2 (2.49)with �0=23694.5 MHz. Then, from eq. 2.8, 2.45, and 2.49, we derive a general expressionfor the main beam eÆieny as a funtion of the frequeny:�mb(�) = 
mb(�0) �a(�) � ��0D2 �2 (2.50)with D=70 m, in our ase.We ompared ammonia spetra orreted by main beam eÆieny of some sourestaken with with both, the Robledo-70m antenna and E�elsberg (e.g., Estalella et al. 1993)and the results are ompatible, within ' 10%. Therefore, our estimates seem good enoughfor the purposes of this thesis.



55
Chapter 3A sensitive survey for water maseremission towards Bok globules.In this hapter we report the most sensitive water maser survey towards Bokglobules to date, using NASA's 70 m antenna in Robledo de Chavela (Spain). We observed207 positions within the Clemens & Barvainis (1988) atalog with a higher possibility ofharboring a young star, using as seletion riteria the presene of radio ontinuum emission(from submillimeter to entimeter wavelengths), geometrial enters of moleular outows,peaks in maps of high-density traers (NH3 or CS), and IRAS point soures. We alsopresent a statistial study of our seletion riteria as preditors for the presene of maseremission.3.1 MotivationBok globules have traditionally been onsidered important laboratories for thestudy of phenomena related to star formation, mainly due to their small size (� 200) andrelatively simpliity, whih make the star forming proesses less likely to be a�eted byonfusion from di�erent generations of YSOs (see setion 1.2).An important phenomenon related to star formation is the ourrene of watermaser emission at 22 GHz. This emission provides a good haraterization of the age oflow-mass YSOs, where soures that host water masers emission are good andidates tobe in a very early stage of its evolution (Furuya et al. 2001). In addition, several works(Torrelles et al. 1997, 1998b) have suggested a possible evolutionary sequene, with maserstraing irumstellar disks in the youngest soures, and outows in more evolved YSOs(see setion 1.6.2).Sine there are several evolutionary aspets related to water maser emission, itis interesting to study this emission in Bok globules, where we an �nd YSOs in di�erent



56 Chapter 3 : A sensitive survey for water maser emission towards Bok globules.evolutionary stages. However, there are very few studies of water masers towards Bokglobules. Only Sappini et al. (1991) intended a searh for water masers spei�ally inBok globules. These authors observed 80 globules, and obtained a detetion towards CB3 (LBN 594), with a peak ux density of ' 77:6 Jy. However, their detetion threshold(� 4:4 � 15:7 Jy) would miss a high fration of masers around low-mass YSOs.Other surveys inluded among their targets some objets within the globules inthe CB atalog (Felli et al. 1992; Palla & Prusti 1993; Wouterloot et al. 1993; Persi et al.1994; Codella & Felli 1995). To our knowledge, only three Bok globules of the CB ataloghave been reported to harbor a water maser: the mentioned one in CB 3 (Sappini et al.1991), a detetion of ' 1�2 Jy towards the Herbig Be star HD 250550 in CB 39 (Shwartz& Buhl 1975), and another one of ' 7:5 Jy in CB 205 (LDN 810) obtained by Nekel et al.(1985). We are not aware of any water masers in the southern Bok globules of the BHRatalog. In this hapter, we have searhed for water maser emission towards the positionswithin the globules in the CB atalog with the highest probability of harboring a YSOs.This survey aims to be nearly omplete for possible star-forming regions in Bok globulesnorth of delination ' �36Æ, to study the onditions and harateristis of maser emissionin these isolated globules. This work is omplemented by high-resolution interferometristudies of the detetions in this survey, to aurately determine their spaial and veloitydistribution (see Chapter 4). This hapter is strutured as follows: In x3.2 we desribethe tehnial details of the observations, in x3.3 we explain the riteria used to selet thetarget soures, we present our results in x3.4, whih are further disussed in x3.5. Wesummarize our onlusions in x3.6.3.2 ObservationsWe observed the 616 ! 523 transition of the water moleule (rest frequeny22235.080 MHz) using the NASA 70 m antenna (DSS-63) at Robledo de Chavela (SeeChapter 2 for tehnial details). Water maser observations were arried out using threedi�erent bakends depending on the observing dates: From 2002 Marh 13 to 2002 April10, we used the 4096 hannel spetrometer (SAO4K) overing a bandwidth of 400 MHz(' 5398 km s�1), whih provided a veloity resolution of ' 1:3 km s�1. From 2002 April14 to 2003 July 18, we used the 256-hannel autoorrelation spetrometer (SDS), overinga bandwidth of 10 MHz, whih provided a veloity resolution of ' 0:5 km s�1. From 2004July 6 to 2005 Otober 16, we used the 384-hannel spetrometer (SPB500), overing abandwidth of 16 MHz (' 216 km s�1 with ' 0:6 km s�1 resolution). Spetra were takenin position-swithing mode with the SAO4K and SPB500 spetrometers, and in frequenyswithing mode, with a swith of 5 MHz, when using SDS, thus providing in the latter



3.3 Soure Sample. Seletion riteria 57ase an e�etive veloity overage of ' 202 km s�1 (15 MHz) entered at the VLSR of eahsoure. System temperatures ranged between 45 and 135 K, and the total integrationtime was typially 20 min per soure in frequeny-swithing mode and 30 min (on+o�)in position-swithing mode. The rms pointing auray was better than 1000. The dataredution was performed using the CLASS pakage, whih is part of the GAG softwarepakage developed at IRAM and Observatoire de Grenoble.3.3 Soure Sample. Seletion riteriaThe target positions in our survey are those within the Bok globules atalogedby CB that show indiations of possible star formation, or with higher probability ofharboring a YSO. We used four seletion riteria for those targets:1. Radio ontinuum soures (submillimeter to entimeter wavelengths).Low-mass stars undergoing mass-loss an show radio ontinuum emission from ion-ized winds (Anglada et al. 1992), whih at m wavelengths is not likely to be sig-ni�antly ontaminated by dust emission from envelopes and disks. For the mmand submm emission, the youngest protostars (deeply embedded lass 0 soures)show prominent emission at those wavelengths (Andr�e et al. 1993; Saraeno et al.1996). The radio ontinuum soures were taken mainly from Anglada et al. (1992,1998), Yun et al. (1996), and Moreira et al. (1999) at m wavelengths, Launhardt& Henning (1997) at mm, and Launhardt et al. (1997), Huard et al. (1999), Huardet al. (2000), and Visser et al. (2002) at submm ones. We seleted those souresloated within the optial boundaries of the loud and whih were not suspeted tobe extragalati objets due to their negative spetral indies (see e.g., Anglada etal. 1998).2. Center of moleular outows.Moleular outows driven by low-mass YSOs are speially powerful during the earlierevolutionary phases (Bontemps et al. 1996), whih in their turn, are more likely toshow water maser emission Furuya et al. (2001). We have hosen the position of thegeometrial enter of the outow (i.e. between the red- and blue shifted lobes), sinewe expet the driving soure of the outow to be near that position. In the aseof outows with only one lobe, we seleted the position of the proposed poweringsoure. Most moleular outows known in Bok globules of the CB atalog have beenreported by Yun & Clemens (1992, 1994a).3. Peak of high-density moleular traers.YSOs form in the densest part of moleular louds. The maxima in maps of high-



58 Chapter 3 : A sensitive survey for water maser emission towards Bok globules.density traers like NH3 have been found to pinpoint the loation of the drivingsoures of moleular outows (Anglada et al. 1989; G�omez et al. 1994). For thissurvey we have used the peaks of NH3 maps ompiled by Jijina et al. (1999), mostof them observed by Lemme et al. (1996) in these globules, and peaks of CS mapspublished by Launhardt et al. (1998).4. IRAS soures.Many globules have been sarely studied, if at all, so the previous observationalsigns of possible star formation are not always available. Therefore, we have alsoused the position of IRAS soures as possible loations of YSOs. We onsidered astarget positions all IRAS soures listed by CB as assoiated with the globules in theiratalog. Most of these IRAS soures show rising IRAS uxes at longer wavelengths,whih is expeted for lass 0 and lass I objets (Wilking et al. 1989b; Andr�e et al.1993), but our searh was not restrited based on their far infrared spetra.These riteria are ordered by dereasing preferene given to the observations ofsoures seleted by eah of them. After ompiling the initial set of target positions (allloated north of Æ = �36Æ) we dropped from the list most soures lying within a distaneof � 2100 from another soure with equal or higher preferene, sine they would be withinthe beam of Robledo radio telesope, although we observed some positions that wouldhave been left out by this proximity �lter, speially for the ones that would fall loserto the edge of the telesope beam. With these seletion riteria, the previously reportedmasers in CB 39 and CB 205 are within the beam of one of the positions in our survey (seenotes to Table 3.1). This is not the ase for the maser reported in CB 3 by (Sappini et al.1991), but our interferometri data (Chapter 4) provided a more aurate position, whihlies 500 from the position of CB3-mm, a soure that is inluded in our target list. Therefore,we see that our seletion riteria seem appropriate to loate water maser emission thatmay exist in Bok globules of the CB atalog.Using the �nal list of target soures, we searhed for water masers around allradio ontinuum soures, enters of outows, and peak of high-density traers, with atotal of 100 observed positions. In addition to that, we also observed 107 IRAS soureswith no known nearby soure falling into the other three ategories. The observed souresare shown in Table 3.1.Considering the soures lying within a distane of � 2100 from eah observedposition, and therefore, whih fell within the telesope beam for at least one of the obser-vations, our survey overed 34 entimeter soures, 20 millimeter soures, 30 submillimetersoures, 16 enters of outows, 18 peaks of CS maps, 18 peaks of NH3 maps, and 132IRAS soures.



3.4 Results 593.4 Results3.4.1 Survey resultsTables 3.2 and 3.3 show the results of our survey of water maser emission in Bokglobules. We have obtained seven detetions (Table 3.2), six of whih (the ones in CB 34,CB 54, CB 65, CB 101, CB 199, and CB 232) are reported for the �rst time here. Ofthe previously known masers, only CB3-mm was deteted by us. We did not detet themasers in either CB 39 or CB 205. In Figs. 3.1 to 3.7 we show the spetra of the detetedmasers. With these detetions, we have inreased the number of soures in Bok globulesknown to emit water maser emission from 3 to 9. However, we note that some of thenew detetions are not likely to be related to their respetive globules, and they ould bebakground or foreground objets projeted against the louds (see Se. 3.4.2). The oneswhih are most likely to be assoiated to YSOs in these globules are the masers in CB 34,CB 54, and CB 232 (and probably CB 199).With respet to our seletion riteria, onsidering the soures that fall withinthe beam of the telesope of a position with water maser deteted, we have detetedwater maser emission around 2 entimeter soures (6%), 2 millimeter soures (10%), 4submillimeter soures (13%), 3 enters of moleular outows (19%), 3 peaks of CS (17%),no peak of NH3 (0%), and 5 IRAS soures (4%), 2 of them without assoiation with anyof the other riteria (2%).3.4.2 Detetions: individual soures3.4.2.1 CB 3 (CB3-mm)CB 3 is loated at a distane of ' 2:5 kp (Launhardt & Henning 1997). Thislarge distane (and thus, large physial size, ' 4:5 p, see CB), and the presene ofintermediate-mass star formation (it hosts a soure of Lbol ' 930 M�; Launhardt et al.1997) distinguish it from the rest of the globules in the CB atalog.We deteted water maser emission towards the millimeter soure CB3-mm de-teted by Launhardt & Henning (1997). This soure is believed to be the powering soureof a powerful bipolar moleular outow (Yun & Clemens 1992, 1994a; Codella & Bahiller1999). The maser probably orresponds to the one deteted by Sappini et al. (1991),although they reported a position � 10 from CB3-mm. We took spetra towards theirposition, but we did not detet any emission (3� upper limit of 0:5 Jy on 2004 August19, between VLSR = �146:2 and 69.5 km s�1), whih is ompatible with beam responseif the emission is atually related to CB3-mm (see Chapter 4). Within the beam of theRobledo telesope from CB3-mm, there is also submillimeter emission (Launhardt et al.
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Figure 3.1: Water maser spetra towards CB3-mm deteted with the Robledo-70mantenna1997; Huard et al. 2000), the peak of a CS map (Launhardt et al. 1998), and the soureIRAS 00259+5625 (Table 3.1).The maser emission is relatively strong (10 � 20 Jy), and shows variations of afator of � 2 (Table 3.2). The spetra are very rih in maser omponents at di�erentveloities (Fig. 3.1), with variations in the veloity distribution and in the ratio betweendi�erent omponents. The data taken in 2004 show maser emission over a wider range ofveloities (from �85 to �10 km s�1), while those taken in 2005 do not show emission moreblueshifted than �60 km s�1. The entroid veloity of the maser emission (VLSR = �37:5to �52:8 km s�1, depending on the observing date) is within 15 km s�1 from the loudveloity (VLSR ' �38:3 km s�1, CB).3.4.2.2 CB 34 ([HSW99℄ CB 34 SMM 3/SMM 4)CB 34 is a globule with multiple star formation (Alves & Yun 1995), loatedat 1.5 kp (Launhardt & Henning 1997). We deteted water maser emission towards thesubmillimeter soure CB 34 SMM 3 (Huard et al. 2000). The maser emission was detetedin August 2003 (Fig. 3.2), with two main omponents (at ' 1 and 8 km s�1, respetively)lose to the loud veloity (VLSR ' 0:7 km s�1, CB). Several months later, the emissiondropped below the detetion threshold of the telesope.In the viinity of CB 34 SMM 3 there are several Herbig-Haro objets (HH 290N1,
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Figure 3.2: Water maser spetra towards [HSW99℄ CB 34 SMM 3 deteted with theRobledo-70m antenna
HH 290N2, HH290S, and HH291) and H2 knots, all forming at least three highly ollimatedjets in di�erent diretions (Moreira & Yun 1995; Khanzadyan et al. 2002). Within theRobledo beam from CB 34 SMM 3 also lies the submillimeter soure CB 34 SMM 4 (Huardet al. 2000), and the geometrial enter of the bipolar outow reported by Yun & Clemens(1992), oriented NE-SW, although higher-resolution observations (Khanzadyan et al. 2002)seem to loate its enter loser to the position of CB 34 SMM 1. Although CB 34 SMM 4was not in our original list of targets, given that it was within the beam when observing atCB 34 SMM 3, we took an additional spetrum at its position [�(J2000) = 05h47m05s:2,Æ(J2000) = +21Æ0002500℄ on 2004 August 25, to try to determine with whih soure themaser emission was more likely to be related to. However, the spetrum was similar (peakintensity ' 0:32�0:13 mJy at 7.7 km s�1) to the one obtained at CB 34 SMM 3 the sameday (Table 3.2). Therefore, it is not possible to asertain the assoiation of the maserwith either submillimeter soure, and sine the signal-to-noise ratio of the spetra wasrelatively low, any other attempt to determine a more preise position would have beensubjet to high unertainties. The water maser may in fat be pumped by a soure lyingroughly at the same distane from SMM 3 and SMM 4. A good andidate ould be soureQ, also lying within the telesope beam from both submillimeter soures (at � 1300 fromthem), and whih Moreira & Yun (1995) suggested to be the powering soure of one of thejet-like hains of H2 knots (Q knots). Interestingly, this jet is the one whose orientationis loser to that of the moleular outow. Therefore, this Q-jet ould trae the dominantmass-loss proess in CB 34. No interferometri observations of the maser emission havebeen arried out so far. Suh observations would be useful to determine the exitationsoure of the maser and to relate the water maser distribution with that of the jets in theregion.



62 Chapter 3 : A sensitive survey for water maser emission towards Bok globules.3.4.2.3 CB 54 ([YMT96℄ CB 54 2)CB 54 (LBN 1042), loated at 1.5 kp (Launhardt & Henning 1997), is an a-tive site of star formation, with multiple jets (Khanzadyan 2003) and a bipolar outow(Yun & Clemens 1992, 1994a). We deteted water maser emission towards the entimetersoure [YMT96℄ CB 54 2 (Yun et al. 1996; Moreira et al. 1997). Within the beam ofthe Robledo telesope also fall the infrared objet IRAS 07020-1618, a mm soure (Laun-hardt & Henning 1997), a submillimeter soure (Launhardt et al. 1997), the peak of a CSmap (Launhardt et al. 1998), and the geometrial enter of the moleular outow (Yun &Clemens 1992, 1994a). This radio ontinuum soure is assoiated with the near-infraredobjet CB54YC1 (Yun & Clemens 1994b, 1995), a possible protobinary system. Thisobjet has been lassi�ed by Yun & Clemens (1995) as a lass I YSOs.

Figure 3.3: Water maser spetra towards [YMT96℄ CB 54 2 deteted with the Robledo-70m antenna. Note that the sale of the top panels is di�erent from the rest. The spetrumtaken on 2005 April 02 (bottom right) has been multiplied by a fator of 5 to show it morelearly



3.4 Results 63The maser emission is highly variable. On 2002 May and 2003 May, the uxdensity was below 1 Jy. However, a omponent at ' 7:9 km s�1, undeteted on 2002 May,su�ered an outburst in 2003 June-July, reahing a ux density of ' 50 Jy. This omponentwas again undeteted (or very weak and blended with a omponent at 8.7 km s) on 2005April. Suh high variability in a water maser is typial of a low-mass YSO (Hashik et al.1983; Wilking et al. 1994a; Claussen et al. 1996; Furuya et al. 2003). The veloity of themaser emission is within 15 km s�1 from the loud veloity (VLSR ' 19:5 km s�1, CB).3.4.2.4 CB 65 (IRAS 16277-2332)CB 65 (LDN 1704) is at a distane of � 160 p (Visser et al. 2002), whih makesit the nearest loud among our detetions. We deteted maser emission towards IRAS16277-2332. There is no other soure omplying our seletion riteria within the Robledobeam around this IRAS soure. Moreover, there is not muh known about IRAS 16277-2332, apart from its non-detetion in the submillimeter (Visser et al. 2002), and thatParker (1988) does not inlude it as assoiated with CB 65. Therefore, we annot saymuh about the nature of this soure.The maser was deteted in 2002 June, with a veloity (VLSR ' 1:2 km s�1, Table3.2), lose to the veloity of the loud (VLSR ' 2:3 km s�1, CB), whih would be veryunlikely if the objet is ompletely unrelated to the globule. The maser was not visible inlater in observations with the Robledo radio telesope (Table 3.2).

Figure 3.4: Water maser spetrum towards IRAS 16277-2332, in CB 65, deteted withthe Robledo-70m antenna.



64 Chapter 3 : A sensitive survey for water maser emission towards Bok globules.3.4.2.5 CB 101 (IRAS 17503-0833)CB 101 (LDN 392) is a globule loated at 200 p (Lee & Myers 1999). Lee &Myers (1999) and Lee et al. (1999) ataloged it as a starless ore.

Figure 3.5: Water maser spetra towards IRAS 17503-0833, in CB 101, deteted withthe Robledo-70m antennaWe deteted maser emission towards IRAS 17503-0833. No other soure withour seletion riteria is found around this IRAS soure. The maser does not show strongvariations in ux density, although it showed a double-peaked pro�le in 2002, of whihonly one omponent was visible in 2004. The maser emission, at VLSR ' 29 km s�1 (Table3.2), is & 20 km s�1 away from the loud veloity (' 6:7 km s�1, CB). We note that theentroid veloities of water maser emission from YSOs, speially for low-mass soures, isusually found within ' 15 km s�1 from the loud veloity (Wilking et al 1994; Angladaet al. 1996a; Brand et al. 2003). The high relative veloity of the masers in this souresuggests that IRAS 17503-0833 may not be related to the CB 101 globule. By inspeting



3.4 Results 65the optial images of the Digital Sky Survey, we noted that IRAS 17503-0833 is out of theoptial limit of CB 101, and it should probably not have been inluded in the list of IRASsoures of CB.3.4.2.6 CB 199 ([ARC2001℄ HH 119 VLA 3)CB 199 (B335), loated at 250 p (Tomita et al. 1979) is an extensively studiedsite of reent star formation, whih has also be the subjet of spetral line studies ofprotostellar ollapse (Zhou et al. 1993; Choi et al. 1995).There is a bipolar moleular outow in the region (Frerking & Langer 1982;Goldsmith et al. 1984), as well as the jet-like struture of Herbig-Haro objets HH 199A,B, and C (Vrba et al. 1986; Reipurth et al. 1992). Both the moleular outow and theoptial jet are thought to be powered by a far-infrared and submillimeter soure (Keene etal. 1983; Chandler et al. 1990), whih is probably the same objet as IRAS 19345+0727.A total of 13 entimeter soures were deteted around this IRAS soure (Anglada et al.1992, 1998; Avila et al. 2001) of whih at least 4 are probably bakground objets due totheir non-thermal, negative spetral index at radio wavelengths (Anglada et al. 1998).We deteted maser emission towards [ARC2001℄ HH 119 VLA 3, a radio ontin-uum soure of ' 0:55 mJy deteted by Avila et al. (2001), but undeteted in the previousobservations by Anglada et al. (1992) and Anglada et al. (1998) (upper limit of � 0:15mJy), whih suggested soure variability. No other soure with our seletion riteria wasknown within the beam of Robledo from this soure. The other radio ontinuum souresin the region are more than 20 away from this one. The radio ontinuum soure [ARC92℄Barn 335 4 (Anglada et al. 1992), assoiated with IRAS 19345+0727, the powering soureof the outow, lies ' 30:5 from [ARC2001℄ HH 119 VLA 3. Therefore, the water maserseems not to be related to either this outow or the HH 199 jet. The lak of infraredounterpart for [ARC2001℄ HH 119 VLA 3 in the IRAS point soure and 2MASS atalogswould suggest that this objet is deeply embedded, and thus, very young.Only one maser omponent at ' 37:9 km s�1 is learly visible in our spetra. Thisis � 30 km s�1 from the loud veloity (8.4 km s�1), i.e., a shift for the entroid veloitymuh larger than expeted for masers in YSOs (Wilking et al 1994; Anglada et al. 1996a;Brand et al. 2003). Although they are rare, there are some known ases of soures withlarge veloity shifts (up to ' 80 km s�1) between water masers and loud, speially aroundHH and GGD objets Rodr��guez et al. (1978, 1980b), but they are generally assoiatedwith high-mass YSOs. Large veloity shifts are even rarer in low-mass objets. If themaser is assoiated to a YSOs in the globule CB 199, this would be one of the ases withthe largest veloity o�set between maser emission and loud veloity know to date for alow-mass star-forming region. A similar, unusual shift of ' 30 km s�1 is also found in thelow-mass YSOs SVS13 (Claussen et al. 1996), while values ' 45 km s�1 have been seen
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Figure 3.6: Water maser spetra towards [ARC2001℄ HH 119 VLA 3, in CB 199, detetedwith the Robledo-70m antenna.
in Cep E-mm (Furuya et al. 2003), although the latter is probably an intermediate-massYSOs (� 3 M�; Moro-Mart��n et al 2001; Froebrih et al. 2003). Both SVS13 and Cep E-mm seem to be lose binaries, with separations of ' 65 AU (Eisl�o�el et al 1996; Angladaet al. 2000). In the ase SVS13, Rodr��guez et al. (2002) showed that the high-veloitymasers seem to be assoiated with one of the omponents, although the maser veloitiesdo not seem to mark the orbital motions in the binary, given the low-mass of the system.On the other hand, it has been proposed that gravitational interations within binariesor multiple systems give rise to mass-loss outbursts that show up as Herbig Haro jets orFU Ori phenomena (Reipurth 2000; Reipurt & Aspin 2004), and we ould speulate thatthese outbursts ould also show up as high-veloity masers. However, it is not possibleat this point to determine whether high-veloity masers are favored in low-mass binarysystems, given the sare number of objets we are dealing with. Obviously, it would beinteresting to determine whether the soure [ARC2001℄ HH 119 VLA 3 is indeed a binary.An alternative possibility to explain this high-veloity feature is that [ARC2001℄HH 119 VLA 3 is assoiated to an evolved star. If this is true, and the soure [ARC2001℄HH 119 VLA 3 is the one pumping the maser, the presene of radio ontinuum emissionwould indiate that it is a protoplanetary or a young planetary nebula, loated behind theCB 199 globule. It is not likely that it is an evolved objet in the foreground (i.e., loserthan 250 p), given the lak of an infrared ounterpart.Given the proximity of CB 199, and the abnormal veloity pattern of its maseremission, suh interferometri observations would be useful to on�rm its assoiation withthe radio ontinuum soure and the spatio-kinematial distribution of the maser emission.



3.4 Results 673.4.2.7 CB 232 (IRAS 21352+4307)CB 232 is a globule loated at 600 p (Launhardt & Henning 1997). We deteteda maser towards IRAS 21352+4307. From the nominal position of this soure, within thebeam of Robledo fall two submm soures ([HSW99℄ CB 232 SMM 1 and SMM 2, Huardet al. 1999), the peak of a CS map (Launhardt et al. 1998), and the enter of a moleularoutow (Yun & Clemens 1992, 1994a).The maser emission shows a varying veloity pattern. The maximum emissionwas at ' 12:1 km s�1 in 2003 May, although a weaker omponent at ' 10 km s�1 was alsopresent. This weaker omponent was the dominant one in later spetra, while the one at12.1 km s�1 was absent. The deteted maser omponents are lose to the loud veloity(' 12:6 km s�1, CB).The variation of the maser spetrum and the presene of other signs of starformation indiates that the maser emission is pumped by a low-mass YSOs.

Figure 3.7: Water maser spetra towards IRAS 21352+4307, in CB 232, deteted withthe Robledo-70m antenna.



68 Chapter 3 : A sensitive survey for water maser emission towards Bok globules.3.5 DisussionOf the seletion riteria used to selet our target soures, the highest detetionrates of masers are those related to the presene of moleular outows or the peak in mapsof the high-density traer CS. We performed a statistial study to try to determine whetherany of the seletion riteria is a better preditor for the presene of water maser emission.For this, we used a Fisher's Exat test and a on�dene level of 95%1. This test indiatesthat the presene of a submillimeter soure, of a peak of CS, or of a moleular outoware all a better preditor of the existene of water maser emission than the presene of anIRAS soure, whih is reasonable, sine the latter was the less restritive of all our riteriain the identi�ation of YSOs andidates. Apart from IRAS soures, the detetion rates forall other seletion riteria (even the 0% rate for peaks of NH3 maps) are all statistiallyompatible.Another relevant fat is that most of the globules in the CB atalog whih areknown to be assoiated with water masers (CB 3, CB 34, CB 39, CB 54, CB 205) areloated at distanes � 1 kp. Therefore, they tend to be larger than probably intended byCB in their atalog, whih tried to selet \small" (size � 1:5 p) globules, using a riterionof < 100 assuming distanes � 500 p. So the globules mentioned above belong to a lassof \large" Bok globules. Large, massive globules are obviously more likely to be sitesof (multiple) star formation. In our survey we have identi�ed the smallest Bok globulesknown to harbor water maser emission. In partiular, CB 232, whose maser is most likelyassoiated with a YSO, has a size of ' 0:6 p (50:6 � 20:2 at 600 p; CB; Launhardt &Henning 1997). The ases of CB 65 (' 0:3 p size) and CB 199 (' 0:5 p size) needfurther investigation to determine the nature of their pumping soures, but these threesoures seem to be the best andidates for further use of water masers as a tool to studystar formation in small Bok globules.

1We have used this on�dene level for all the statistial tests in this thesis



3.6 Conlusions 693.6 ConlusionsIn this hapter, we present the most sensitive survey for water maser emissiontowards Bok globules to date, using NASA's 70 m antenna in Robledo de Chavela (Spain).A total of 207 target positions within the louds of the Clemens & Barvainis (1988) atalogwere observed. Our main results are as follow:� We have obtained seven maser detetions, six of whih (in CB 34, CB 54, CB 65,CB 101, CB 199, and CB 232) are new. Of the previously known masers in the CBatalog, only the one in CB 3 was deteted by us. No emission was seen towards thepreviously reported masers in either CB 39 or CB 205.� Of our detetions, the ones in CB 3, CB 34, CB 54, and CB 232 are most likelyassoiated with YSOs. The nature of CB 65 and CB 101 is unertain.� In the ase of CB 199, the relatively large shift (' 30 km s�1) of the entroid veloityof the maser emission with respet to the loud veloity is unusual for YSOs, speiallyfor low-mass ones. We speulate that the presene of high-veloity masers in low-mass YSOs might be related to episodes of energeti mass loss in lose binaries.Alternatively, the maser in CB 199 ould be related to a protoplanetary or a youngplanetary nebula.� CB 232 is the smallest Bok globule (size ' 0:6 p) known to be assoiated withwater maser emission. However, if their assoiation with YSOs is on�rmed, CB 65(size ' 0:3 p) and CB 199 (' 0:5 p) are even smaller globules. These objets aregood andidates for the study of relatively isolated star formation with high spaialresolution.� Of our seletion riteria, the more restritive ones for the identi�ation of YSOs(radio ontinuum emission, peak of a high-density traer, and geometrial enter ofa moleular outow) show statistially ompatible rates of water maser detetion.Only the presene of IRAS soures tends to be a somewhat worse preditor for thepresene of masers.



70 Chapter 3 : A sensitive survey for water maser emission towards Bok globules.3.6.1 ConlusionesEn este ap��tulo, presentamos la b�usqueda de m�aseres de agua de mayor sensibili-dad realizada hasta ahora en gl�obulos de Bok, utilizando la antena de 70 metros de NASAsituada en Robledo de Chavela (Espa~na). Se ha observado un total de 207 posiionesdentro de las nubes del at�alogo de Clemens & Barvainis (1988). Nuestros prinipalesresultados son los siguientes:� Hemos obtenido deteiones de siete m�aseres, seis de las uales (en CB 34, CB 54,CB 65, CB 101, CB 199 y CB 232) son nuevas. De los m�aseres onoidos en elat�alogo de CB, s�olo detetamos el de CB 3. No se observ�o la emisi�on de los m�aserespreviamente publiados ni en CB 39 ni en CB 205.� De nuestras deteiones, las orrespondientes a CB 3, CB 34, CB 54 y CB 232 son lasque on mayor probabilidad est�an asoiadas a un objeto estelar joven. La naturalezade CB 65 y de CB 101 es desonoida.� En el aso de CB 199, el desplazamiento relativamente grande (' 30 km s �1) delentroide de veloidad de la emisi�on m�aser on respeto a la veloidad de la nube esinusual en objetos estelares j�ovenes, espeialmente en los de baja masa. Espeulamoson la posibilidad de que la presenia de m�aseres a alta veloidad en objetos estelaresj�ovenes de baja masa podr��a estar relaionada on episodios energ�etios de p�erdidade masa en binarias eranas. Alternativamente, el m�aser en CB 199 podr��a estarasoiado a una nebulosa protoplanetaria o planetaria joven.� CB 232 es el gl�obulo de Bok m�as peque~no (tama~no ' 0.6 p) que se onoe omoasoiado a emisi�on de m�aser de agua. Sin embargo, si se on�rmara la asoiai�onde CB 65 (tama~no ' 0.3 p) y CB 199 (' 0.5 p) on objetos estelares j�ovenes,estos gl�obulos ser��an los m�as peque~nos. Estos objetos son buenos andidatos para elestudio a alta resolui�on espaial de formai�on estelar relativamente aislada.� De nuestros riterios de selei�on, los m�as restritivos en la identi�ai�on de objetosestelares j�ovenes (emisi�on en radio ontinuo, pios de trazadores de alta densidady entros geom�etrios de ujos moleulares) muestran unas tasas de detei�on dem�aser de agua estad��stiamente ompatibles. La mera presenia de fuentes IRAStiende a predeir peor la presenia de estos m�aseres.
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Table 3.1: Soures searhed for water maser emissionGlobule Soure1 Right Asension2 Delination2 Inluded Soures3 Referenes4(J2000) (J2000)CB 3 [YMT96℄ CB 3 1 00 28 22.0 +56 41 39 6CB3-mm5 00 28 42.7 +56 42 06 smm ([HSW99℄ CB 3 SMM 1), IRAS 00259+5625, outf, s 1, 2, 3, 4, 5CB 4 IRAS 00362+5234 00 39 03.5 +52 50 57CB 6 IRAS 00465+6028 00 49 25.0 +50 44 45 mm, smm 1, 2CB 7 IRAS 01078+6409 01 11 03.4 +64 25 24IRAS 01087+6404 01 11 58.0 +64 20 07CB 8 IRAS 01202+7406 01 24 12.4 +74 22 03CB 11 IRAS 01333+6448 01 36 51.5 +65 03 55IRAS 01334+6442 01 36 59.4 +64 57 39IRAS 01341+6447 01 37 41.3 +65 03 08CB 12 CS peak 01 38 32.7 +65 06 02 5IRAS 01354+6447 01 38 56.8 +65 03 12CB 15 IRAS 03521+5555 03 56 07.9 +56 04 30IRAS 03523+5608 03 56 21.7 +56 17 01IRAS 03535+5555 03 57 30.4 +56 04 15CB 16 IRAS 03592-5642 04 03 15.6 +56 50 27CB 17 IRAS 04005+5647 04 04 33.7 +56 56 10 mm, smm 1, 2NH3 peak 04 04 38.0 +56 56 11 7CB 19 IRAS 04233+2529 04 26 21.3 +25 36 22IRAS 04240+2535 04 27 02.7 +25 42 24CB 22 NH3 peak 04 40 33.2 +29 55 04 7CB 23 NH3 peak 04 43 30.0 +29 39 01 7CB23-m1 04 43 34.9 +29 38 05 8CB23-m2 04 43 35.0 +29 37 13 8CB 26 IRAS 04559+5200 04 59 52.4 +52 04 45 mm 1CB 27 IRAS 05013+3234 05 04 37.2 +32 38 15CB 28 IRAS 05036-0359 05 06 08.9 �03 55 16IRAS 05037-0402 05 06 13.7 �03 58 60CS peak 05 06 19.4 �03 56 24 IRAS 05038-0400IRAS 05038-0400 05 06 19.9 �03 56 33 s 5NH3 peak 05 06 20.2 �03 56 02 7
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Table 3.1: (ontinued).Globule Soure1 Right Asension2 Delination2 Inluded Soures3 Referenes4(J2000) (J2000)CB 29 IRAS 05190-0348 05 21 31.5 �03 45 08IRAS 05194-0346 05 21 56.2 �03 44 08 5IRAS 05194-0343 05 21 57.5 �03 40 35CS peak 05 22 10.3 �03 41 06 5IRAS 05201-0341 05 22 38.5 �03 38 53CB 30 [MYT99℄ CB 30 3 05 29 30.5 +05 43 22 9IRAS 05268+0550 05 29 31.7 +05 52 55IRAS 05268+0538 05 29 32.2 +05 40 34 m ([MYT99℄ CB30 4), s 9, 5IRAS 05274+0542 05 30 06.7 +05 44 23CB 31 [YMT96℄ CB 31 1 05 33 14.5 �00 35 34 6[YMT96℄ CB 31 2 05 33 15.8 �00 35 20 6IRAS 05307-0038 05 33 18.2 �00 36 13CB 32 IRAS 05344-0016 05 36 59.7 �00 14 21CS peak 05 38 28.2 �00 17 25 5CB 33 IRAS 05433+2040 05 46 17.7 +20 41 39IRAS 05437+2045 05 46 41.1 +20 46 10CB 34 [HSW99℄ CB 34 SMM 2 05 47 00.0 +21 00 30 3[YMT96℄ CB 34 3 05 47 01.7 +21 00 25 mm, smm ([HSW99℄ CB 34 SMM 1), IRAS 05440+2059, outf, s, nh3 6, 1, 2, 3, 4, 5, 10[HSW99℄ CB 34 SMM 1 05 47 01.9 +21 00 06 m ([YMT96℄ CB 34 3), IRAS 05440+2059 3, 6[HSW99℄ CB 34 SMM 3 05 47 05.3 +21 00 42 smm ([HSW99℄ CB 34 SMM 4) 3[HSW99℄ CB 34 SMM 5 05 47 07.8 +21 00 04 3CB 37 [MYT99℄ CB 37 1 06 00 35.6 +31 37 37 11NH3 peak 06 00 37.3 +31 38 50 7[MYT99℄ CB 37 2 06 00 47.6 +31 40 48 11CB 39 IRAS 05591-16306 06 01 59.5 +16 30 56 outfCS peak 06 01 59.6 +16 31 44 5[YMT96℄ CB 39 2 06 02 04.6 +16 30 06 6CB 40 IRAS 05589+1638 06 01 53.1 +16 38 35IRAS 05592+1640 06 02 07.2 +16 40 11CB 42 IRAS 06000+1644 06 02 55.7 +16 44 36CB 43 [MYT99℄ CB 43 1 06 03 10.6 +16 36 07 11
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Table 3.1: (ontinued).Globule Soure1 Right Asension2 Delination2 Inluded Soures3 Referenes4(J2000) (J2000)CB 44 CS peak 06 07 29.3 +19 27 53 5[MYT99℄ CB 44 2 06 07 37.2 +19 25 12 11[MYT99℄ CB 44 3 06 07 37.6 +19 28 35 11IRAS 06047+1923 06 07 39.2 +19 22 43IRAS 06048+1934 06 07 47.4 +19 34 18CB 45 IRAS 06055+1800 06 08 27.1 +17 59 59NH3 peak 06 08 56.6 +17 50 19 7CB 48 IRAS 06175+0711 06 20 15.6 +07 10 14CB 50 IRAS 06316+0748 06 34 19.1 +07 45 46CB 51 IRAS 06355+0134 06 38 07.3 +01 31 56CB 52 [YMT96℄ CB 52 1 06 48 33.5 �16 50 31 6IRAS 06464-1650 06 48 39.2 �16 54 04 mm, smm 1, 2IRAS 06464-1644 06 48 41.8 �16 48 06IRAS 06471-1651 06 49 22.2 �16 55 01CB 54 [YMT96℄ CB 54 2 07 04 21.2 �16 23 15 mm, smm, IRAS 07020-1618, outf, s 6, 1, 2, 4, 5CB 55 IRAS 07019-1631 07 04 12.6 �16 35 34CB 56 IRAS 07125-2507 07 14 36.5 �25 12 57IRAS 07125-2503 07 14 38.9 �25 08 54CB 57 IRAS 07154-2304 07 17 32.2 �23 09 42IRAS 07156-2248 07 17 45.5 �22 54 14IRAS 07156-2301 07 17 47.8 �23 07 01CB 58 IRAS 07159-2329 07 18 02.5 �23 35 06[YMT96℄ CB 58 1 07 18 07.6 �23 41 07 6IRAS 07161-2336 07 18 15.2 �23 41 42 mm, smm 1, 2CB 59 IRAS 07171+0359 07 19 44.6 +03 53 48CB 60 IRAS 08022-3115 08 04 11.9 �31 24 00IRAS 08026-3122 08 04 36.9 �31 30 44IRAS 08029-3118 08 04 56.4 �31 27 23CB 63 IRAS 15486-0350 15 51 16.7 �03 59 41CB 65 IRAS 16277-2332 16 30 43.7 �23 39 08[VRC2001℄ L1704 SMM 1 16 30 50.6 �23 42 08 12IRAS 16287-2337 16 31 44.6 �23 43 55
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Table 3.1: (ontinued).Globule Soure1 Right Asension2 Delination2 Inluded Soures3 Referenes4(J2000) (J2000)CB 67 IRAS 16485-1906 16 51 10.3 �19 11 12CB 68 CS peak 16 57 16.3 �16 07 40 5IRAS 16544-16047 16 57 19.5 �16 09 25 mm, smm ([HSW99℄ CB 68 SMM 1), outf 1, 3, 13NH3 peak 16 57 20.5 �16 09 02 7CB 78 IRAS 17147-1821 17 17 38.5 �18 24 14CB 81 outow 17 22 26.5 �27 08 10 4CB 82 [VRC2001℄ L57 SMM 1 17 22 38.5 �23 49 57 12NH3 peak 17 22 39.3 �23 49 46 14CS peak 17 22 40.7 �23 48 46 5CB 98 CB98-mm 17 47 00.7 �20 30 29 1CB 100 IRAS 17490-0258 17 51 38.1 �02 59 07IRAS 17493-0258 17 52 00.4 �02 58 59CB 101 IRAS 17503-0833 17 53 05.2 �08 33 41IRAS 17505-0828 17 53 14.1 �08 28 42CB 104 IRAS 17526-0815 17 55 21.1 �08 15 38IRAS 17533-0808 17 56 03.7 �08 09 16CB 105 IRAS 17561-0349 17 58 44.5 �03 49 52CB 106 IRAS 17577-0329 18 00 25.8 �03 29 35IRAS 17580-0330 18 00 41.4 �03 30 30IRAS 17586-0330 18 01 18.3 �03 30 01CB 108 [YMT96℄ CB 108 1 18 03 01.9 �20 49 37 6CB 118 IRAS 18094-1550 18 12 22.1 �15 49 13CB 121 IRAS 18115-0701 18 14 17.6 �07 00 51IRAS 18116-0657 18 14 18.9 �06 56 44CB 124 IRAS 18120+0704 18 14 31.4 +07 05 13IRAS 18122+0703 18 14 42.7 +07 04 44CB 125 NH3 peak 18 15 34.7 �18 11 12 7CB 128 IRAS 18132-0350 18 15 52.5 �03 49 40CB 130 CB130-mm 18 16 14.8 �02 32 47 nh3 1, 7CB 131 CB131-smm 18 17 00.5 �18 02 04 2CB 137 IRAS 18219-0100 18 24 30.3 �00 58 22CB 142 IRAS 18272-1343 18 30 02.0 �13 41 07
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Table 3.1: (ontinued).Globule Soure1 Right Asension2 Delination2 Inluded Soures3 Referenes4(J2000) (J2000)CB 145 IRAS 18296-0911 18 32 21.7 �09 09 25 mm 1CB 146 IRAS 18293-0906 18 32 08.2 �09 03 57IRAS 18294-0901 18 32 11.1 �08 59 05[HSW99℄ CB 146 SMM 2 18 32 19.4 �08 53 00 15[HSW99℄ CB 146 SMM 1 18 32 21.3 �08 51 56 15CB 171 [YMT96℄ CB 171 2 19 01 33.6 �04 31 48 6[YMT96℄ CB 171 3 19 01 55.8 �04 31 11 6CB 177 IRAS 18599+1739 19 02 07.7 +17 43 58CB 178 IRAS 18595+1812 19 01 44.0 +18 16 29IRAS 19002+1755 19 02 28.0 +17 59 58CB 180 NH3 peak 19 06 08.6 �06 52 47 7CB 184 IRAS 19116+1623 19 13 56.4 +16 28 27CB 187 IRAS 19162-0135 19 18 48.7 �01 29 39CB 188 IRAS 19179+1129 19 20 14.9 +11 35 35 mm 1Outow 19 20 16.3 +11 35 57 4CS peak 19 20 19.9 +11 35 57 5IRAS 19180+1127 19 20 21.0 +11 32 54CB 189 IRAS 19180+1116 19 20 22.5 +11 22 07[VRC2001℄ L673 SMM 7 19 20 23.1 +11 22 50 12[VRC2001℄ L673 SMM 1 19 20 25.2 +11 22 17 12IRAS 19180+1114 19 20 25.8 +11 19 52 smm ([VRC2001℄ L673 SMM 2), outf 12, 15IRAS 19183+1123 19 20 44.0 +11 28 55IRAS 19184+1118 19 20 45.6 +11 23 50CB 190 IRAS 19186+2325 19 20 46.3 +23 31 31CB 194 IRAS 19273+1433 19 29 35.7 +14 39 23CB 196 IRAS 19329+1213 19 35 18.0 +12 20 36CB 198 IRAS 19342+1213 19 36 37.8 +12 19 59
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Table 3.1: (ontinued).Globule Soure1 Right Asension2 Delination2 Inluded Soures3 Referenes4(J2000) (J2000)CB 199 [ARC92℄ Barn 335 9 19 36 44.4 +07 36 43 17[ARC92℄ Barn 335 1 19 36 47.6 +07 32 58 17IRAS 19343+0727 19 36 48.8 +07 34 29[ARC92℄ Barn 335 2 19 36 49.5 +07 35 04 17NH3 peak 19 36 59.0 +07 34 17 19IRAS 19345+0727 19 37 01.0 +07 34 11 m ([ARC92℄ Barn 335 4), smm ([HSW99℄ B 335 SMM 1), outf 17, 2, 18[ARC92℄ Barn 335 11 19 37 08.8 +07 31 41 17[ARC2001℄ HH 119 VLA 3 19 37 10.2 +07 36 50 20IRAS 19347+0729 19 37 10.5 +07 36 26IRAS 19348+0724 19 37 17.0 +07 31 57CB 203 IRAS 19413+1902 19 43 33.5 +19 09 52CB 205 IRAS 19427+2741 19 44 45.5 +27 48 37[YMT96℄ CB 205 1 19 45 09.5 +27 51 06 6[HSW99℄ L 810 SMM 2 19 45 21.3 +27 50 40 2[YMT96℄ CB 205 2 19 45 21.9 +27 53 40 6IRAS 19433+27438 19 45 23.9 +27 50 58 mm, smm ([HSW99℄ L 810 SMM 1), outf, nh3 1, 2, 21, 22IRAS 19433+2751 19 45 25.2 +27 58 54[YMT96℄ CB 205 3 19 45 35.1 +27 54 11 6IRAS 19438+2757 19 45 51.2 +28 04 23IRAS 19438+2737 19 45 55.5 +27 44 58IRAS 19439+2748 19 45 57.8 +27 56 06CB 206 [YMT96℄ CB 206 2 19 46 30.4 +19 06 06 6CB 207 IRAS 19437+2108 19 45 53.0 +21 16 15CB 208 IRAS 19450+1847 19 47 14.7 +18 55 10CB 210 IRAS 19529+3341 19 54 49.1 +33 49 15CB 211 IRAS 19576+2447 19 59 46.5 +24 55 35CB 214 IRAS 20018+2629 20 03 57.9 +26 38 20 outf 4, 21CB 216 Outow 20 05 49.7 +23 27 04 4IRAS 20037+2317 20 05 53.6 +23 26 34 s 5CS peak 20 05 54.1 +23 26 16 IRAS 20037+2317 5CB 217 Outow 20 07 45.9 +37 07 01 21[YMT96℄ CB 217 4 20 07 51.5 +37 06 55 6
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Table 3.1: (ontinued).Globule Soure1 Right Asension2 Delination2 Inluded Soures3 Referenes4(J2000) (J2000)CB 219 IRAS 20176+6343 20 18 23.7 +63 52 30CB 222 IRAS 20328+6351 20 33 36.4 +64 02 21CB 224 NH3 peak 20 36 20.3 +63 52 55 7IRAS 20355+6343 20 36 22.1 +63 53 39 mm 1CB 225 IRAS 20365+5607 20 37 48.0 +56 17 56CB 230 [YMT96℄ CB 230 1 21 17 30.9 +68 18 10[YMT96℄ CB 230 2 21 17 38.5 +68 17 32 mm, smm([HSW99℄ CB 230 SMM 1), IRAS 21169+6804, outf, s 6, 1, 2, 15, 4, 21, 5CB 232 IRAS 21352+4307 21 37 11.3 +43 20 36 smm ([HSW99℄ CB 232 SMM 1, [HSW99℄ CB 232 SMM 2), outf, s 15, 4, 5CB 233 CS peak 21 40 26.4 +57 48 06 5CB 235 IRAS 21548+5843 21 56 25.7 +58 57 54CB 238 NH3 peak 22 13 22.6 +41 02 51 7CB 240 IRAS 22317+5816 22 33 39.3 +58 31 56 mm 1CB 241 IRAS 23095+6547 23 11 37.0 +66 04 07CB 243 IRAS 23228+6320 23 25 05.7 +63 36 34 mm, smm ([VRC2001℄ L1246 SMM 1), nh3 1, 23, 12, 7NH3 peak 23 25 06.9 +63 36 50 smm ([VRC2001℄ L1246 SMM 1), IRAS 23228+6320 7, 23, 12[VRC2001℄ L1246 SMM 2 23 25 16.4 +63 36 46 23, 12CS peak 23 25 27.0 +63 35 46 5CB 244 [VRC2001℄ L1262 SMM 2 23 25 26.0 +74 18 28 nh3 12, 23, 24[YMT96℄ CB 244 1 23 25 46.6 +74 17 40 mm, smm ([VRC2002℄ L1262 SMM 1), IRAS 23238+7401, outf 6, 1, 2, 12, 4IRAS 23249+7406 23 26 53.2 +74 22 34CB 246 CB246-mm 23 56 43.6 +58 34 29 1CB 247 IRAS 23550+6430 23 57 36.4 +64 46 48
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Table 3.1: (ontinued).Notes to Table 3.11Target soures. SIMBAD names were used, where available. Labels [YMT96℄, [MYT99℄, [ARC92℄, and [ARC2001℄ indiate m soures2Coordinates of pointing position. Units of right asension are hours, minutes, and seonds. Units of delination are degrees, arminutes, and arseonds3Other soures inluded within the telesope beam, omplying any of the seletion riteria mentioned in se. 3.3. Cm: entimeter soure; mm: millimetersoure; smm: submillimeter soure; outf: enter of moleular outow; nh3: peak of NH3 map; s: peak of CS map. Where available, SIMBAD names aregiven between parentheses4Referenes for the soures omplying the seletion riteria (exept for IRAS soures)5Maser deteted by Sappini et al. (1991)6Maser deteted by Shwartz & Buhl (1975)7Coordinates used for IRAS 16544-1604 are those in the IRAS Point Soure Catalog. SIMBAD reports for this soure the oordinates of F16544-1604 inthe IRAS Faint Soure Catalog, whih is also within the Robledo beam from our pointing position8Maser deteted by Nekel et al. (1985)Referenes (1) Launhardt & Henning (1997); (2) Launhardt et al. (1997); (3) Huard et al. (2000); (4) Yun & Clemens (1992); (5) Launhardt et al. (1998);(6) Yun et al. (1996); (7) Lemme et al. (1996); (8) Harvey et al. (2002); (9) Moreira et al. (1999); (10) Codella & Sappini (1998); (11) Moreira et al.(1999); (12) Visser et al. (2002); (13) Vall�ee et al. (2000); (14) Bourke et al. (1995b); (15) Huard et al. (1999); (16) Armstrong & Winnewisser (1989); (17)Anglada et al. (1992); (18) Frerking & Langer (1982); (19) Benson & Myers (1989); (20) Avila et al. (2001); (21) Yun & Clemens (1994a); (22) Nekel etal. (1985); (23) Visser et al. (2001); (24) Benson et al. (1984)
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Table 3.2: Water maser detetionsGlobule Soure S�1 R S� dV 2 Vpeak3 Date4(Jy) (Jy km s�1) (km s�1)CB 3 CB3-mm 11:0� 0:4 52� 3 �53:4� 0:6 2004-JUL-2412:9� 0:4 80:2� 2:4 �53:5� 0:6 2004-AUG-1919:60� 0:22 97� 3 �41:1� 0:6 2005-JAN-0312:00� 0:13 56:0� 0:7 �41:8� 0:6 2005-JAN-31CB 34 [HSW99℄ CB 34 SMM 3 0:34� 0:08 0:57� 0:23 8:1� 0:6 2004-AUG-200:33� 0:07 0:57� 0:20 8:1� 0:6 2004-AUG-25< 0:14 2005-APR-14< 0:14 2005-APR-18CB 54 [YMT96℄ CB 54 2 0:84� 0:22 1:1� 0:5 13:7� 0:5 2002-MAY-260:88� 0:20 0:7� 0:3 7:9� 0:5 2003-MAY-0414:1� 0:4 12:6� 0:7 7:9� 0:5 2003-JUN-0749:3� 0:9 45:3� 1:8 7:9� 0:5 2003-JUN-2941:1� 0:5 39:9� 0:9 7:9� 0:5 2003-JUL-015:24� 0:11 9:5� 0:4 8:7� 0:6 2005-APR-02CB 65 IRAS 16277-2332 0:30� 0:19 0:6� 0:3 1:2� 0:5 2002-JUN-16< 0:25 2004-JUL-08< 0:18 2004-JUL-14< 0:22 2005-JUN-05CB 101 IRAS 17503-0833 0:26� 0:05 0:41� 0:13 29:3� 1:3 2002-APR-100:32� 0:09 0:41� 0:15 28:3� 0:5 2002-APR-140:55� 0:19 0:63� 0:25 29:3� 0:5 2002-NOV-150:60� 0:15 0:52� 0:21 28:9� 0:6 2004-JUL-070:34� 0:17 0:6� 0:4 28:9� 0:6 2004-JUL-140:58� 0:18 0:6� 0:3 29:0� 0:6 2004-AUG-04CB 199 [ARC2001℄ HH 119 VLA 3 0:49� 0:06 0:69� 0:15 37:9� 0:6 2005-JUN-160:36� 0:10 0:41� 0:18 37:8� 0:6 2005-JUL-21CB 232 IRAS 21352+4307 0:34� 0:10 0:46� 0:19 12:1� 0:5 2003-MAY-100:82� 0:13 1:10� 0:23 12:1� 0:5 2003-MAY-110:62� 0:19 0:51� 0:24 10:5� 0:5 2003-JUL-150:94� 0:12 0:95� 0:23 9:4� 0:6 2005-APR-02Notes to Table 3.21Flux density of the strongest maser feature. Unertainties are 2�. Upper limits are 3�2Flux density integrated over the veloity extent of the maser emission. Unertainties are 2�.3Veloity of the strongest feature4Date of observation
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Table 3.3: Non detetionsGlobule Soure Vmin1 Vmax1 Noise2 Date3(km s�1) (km s�1) (Jy)CB 3 [YMT96℄ CB 3 1 -2696 2698 0.03 2002-APR-09-139.4 62.8 0.14 2002-OCT-13CB 4 IRAS 00362+5234 -112.4 89.8 0.05 2003-MAY-10CB 6 IRAS 00465+6028 -113.6 88.6 0.06 2003-MAY-10CB 7 IRAS 01078+6409 -107.8 107.9 0.06 2004-AUG-04IRAS 01087+6404 -107.8 107.9 0.08 2004-AUG-04-107.7 108.0 0.04 2005-APR-14CB 8 IRAS 01202+7406 -105.7 110.0 0.05 2004-AUG-04CB 11 IRAS 01333+6448 -109.8 105.9 0.07 2004-AUG-04IRAS 01334+6442 -109.8 106.0 0.05 2004-AUG-04IRAS 01341+6447 -109.7 106.0 0.06 2004-AUG-05CB 12 CS peak -112.5 89.7 0.09 2003-MAY-09-119.4 96.4 0.05 2004-JUL-09IRAS 01354+6447 -119.3 96.4 0.05 2004-AUG-20CB 15 IRAS 03521+5555 -107.2 108.5 0.08 2004-AUG-19IRAS 03523+5608 -107.2 108.5 0.10 2004-AUG-19-107.1 108.7 0.07 2005-APR-14IRAS 03535+5555 -107.2 108.5 0.05 2004-AUG-20CB 16 IRAS 03592-5642 -2716 2677 0.05 2002-APR-09-103.3 98.9 0.10 2002-NOV-15CB 17 IRAS 04005+5647 -112.8 103.0 0.05 2004-JUL-27NH3 peak -105.8 96.4 0.05 2003-MAY-09CB 19 IRAS 04233+2529 -101.5 114.2 0.04 2004-AUG-20IRAS 04240+2535 -101.5 114.2 0.04 2004-AUG-20CB 22 NH3 peak -105.6 110.1 0.05 2004-AUG-20CB 23 NH3 peak -105.8 109.9 0.05 2004-AUG-20CB23-m1 -102.6 113.1 0.06 2004-JUL-15-102.1 113.7 0.05 2005-APR-14CB23-m2 -102.5 113.2 0.05 2004-JUL-27CB 26 IRAS 04559+5200 -2722 2671 0.07 2002-APR-09CB 27 IRAS 05013+3234 -101.2 114.6 0.08 2004-SEP-04CB 28 IRAS 05036-0359 -99.2 116.5 0.10 2004-SEP-08IRAS 05037-0402 -99.3 116.5 0.12 2004-SEP-08CS peak -92.3 109.9 0.3 2002-NOV-17-92.3 109.9 0.07 2003-MAY-10IRAS 05038-0400 -99.3 116.5 0.07 2004-SEP-08NH3 peak -92.3 109.9 0.4 2002-NOV-17-92.3 109.9 0.11 2003-MAY-09CB 29 IRAS 05190-0348 -96.8 119.0 0.06 2004-OCT-05-96.7 119.1 0.04 2004-OCT-31IRAS 05194-0346 -96.8 119.0 0.06 2004-SEP-08IRAS 05194-0343 -96.7 119.0 0.06 2004-OCT-05-96.7 119.0 0.05 2004-OCT-31CS peak -89.9 112.3 0.4 2002-NOV-17-89.9 112.3 0.08 2003-MAY-10-96.6 119.1 0.04 2005-APR-14IRAS 05201-0341 -96.6 119.1 0.04 2004-OCT-31



3.6 Conlusions 81Table 3.3: (ontinued).Globule Soure Vmin1 Vmax1 Noise2 Date3(km s�1) (km s�1) (Jy)CB 30 [MYT99℄ CB 30 3 -101.2 101.0 0.08 2003-MAY-11IRAS 05274+0542 -108.2 107.6 0.06 2004-OCT-05-108.1 107.6 0.05 2004-OCT-30IRAS 05268+0538 -101.2 101.0 0.11 2003-MAY-08IRAS 05268+0550 -108.1 107.6 0.05 2004-OCT-05-108.1 107.6 0.05 2004-OCT-29CB 31 [YMT96℄ CB 31 1 -108.3 93.9 0.10 2003-MAY-08[YMT96℄ CB 31 2 -108.3 93.9 0.08 2003-MAY-06IRAS 05307-0038 -115.0 100.7 0.06 2004-OCT-05-115.0 100.8 0.07 2004-OCT-07-104.2 111.5 0.04 2004-OCT-26CB 32 IRAS 05344-0016 -112.9 102.8 0.06 2004-OCT-31CS peak -106.2 96.0 0.14 2003-MAY-09-106.2 96.0 0.12 2003-MAY-10CB 33 IRAS 05433+2040 -107.3 108.4 0.10 2004-SEP-04IRAS 05437+2045 -107.3 108.4 0.09 2004-SEP-04CB 34 [HSW99℄ CB 34 SMM 2 -107.4 108.3 0.05 2004-AUG-20[YMT96℄ CB 34 3 -100.4 101.8 0.05 2003-MAY-06[HSW99℄ CB 34 SMM 1 -93.9 121.8 0.06 2004-JUL-27[HSW99℄ CB 34 SMM 5 -107.4 108.3 0.06 2005-SEP-23CB 37 [MYT99℄ CB 37 1 -99.9 102.3 0.10 2003-JUL-15-107.0 108.7 0.07 2004-AUG-27-104.4 111.4 0.04 2005-APR-14NH3 peak -107.0 108.8 0.05 2004-AUG-20[MYT99℄ CB 37 2 -107.0 108.7 0.05 2004-AUG-20CB 39 IRAS 05591-1630 -98.7 103.5 0.07 2003-MAY-10CS peak -98.7 103.5 0.14 2003-MAY-08[YMT96℄ CB 39 2 -98.7 103.5 0.05 2003-MAY-06CB 40 IRAS 05589+1638 -118.9 96.9 0.07 2004-SEP-05IRAS 05592+1640 -105.4 110.3 0.10 2004-SEP-05CB 42 IRAS 06000+1644 -105.2 110.6 0.08 2004-OCT-07-105.1 110.7 0.06 2004-OCT-26CB 43 [MYT99℄ CB 43 1 -101.6 114.2 0.04 2005-OCT-16CB 44 CS peak -101.6 100.6 0.06 2003-MAY-07[MYT99℄ CB 44 2 -101.6 100.6 0.06 2003-MAY-11[MYT99℄ CB 44 3 -101.6 100.6 0.07 2003-MAY-11IRAS 06047+1923 -108.6 107.2 0.06 2004-OCT-07-108.3 107.4 0.10 2004-OCT-26IRAS 06048+1934 -101.6 100.6 0.23 2003-MAY-08CB 45 IRAS 06055+1800 -107.2 108.5 0.07 2004-OCT-07-107.2 108.5 0.05 2004-OCT-30NH3 peak -100.3 101.9 0.10 2003-MAY-07CB 48 IRAS 06175+0711 -89.4 126.3 0.04 2004-OCT-30CB 50 IRAS 06316+0748 -107.1 108.6 0.04 2004-OCT-30CB 51 IRAS 06355+0134 -117.2 98.5 0.06 2004-DEC-01CB 52 [YMT96℄ CB 52 1 -91.4 124.3 0.06 2004-OCT-30IRAS 06464-1650 -85.6 116.6 0.10 2003-MAY-07IRAS 06464-1644 -91.4 124.4 0.04 2005-FEB-19IRAS 06471-1651 -91.3 124.5 0.04 2005-FEB-19



82 Chapter 3 : A sensitive survey for water maser emission towards Bok globules.Table 3.3: (ontinued).Globule Soure Vmin1 Vmax1 Noise2 Date3(km s�1) (km s�1) (Jy)CB 55 IRAS 07019-1631 -87.8 127.8 0.03 2005-FEB-19CB 56 IRAS 07125-2507 -93.3 122.4 0.04 2005-FEB-19IRAS 07125-2503 -93.3 122.4 0.04 2005-FEB-19CB 57 IRAS 07154-2304 -87.6 128.1 0.08 2005-FEB-22IRAS 07156-2248 -87.4 128.3 0.21 2004-DEC-01IRAS 07156-2301 -87.4 128.4 0.06 2005-FEB-19CB 58 IRAS 07159-2329 -87.4 128.3 0.07 2005-FEB-22[YMT96℄ CB 58 1 -85.6 116.6 0.18 2003-MAY-04IRAS 07161-2336 -85.6 116.6 0.10 2003-MAY-07CB 59 IRAS 07171+0359 -90.5 111.7 0.05 2002-APR-18CB 60 IRAS 08022-3115 -93.9 121.8 0.07 2005-FEB-19IRAS 08026-3122 -94.0 121.8 0.23 2004-DEC-01IRAS 08029-3118 -93.0 121.8 0.11 2004-DEC-30CB 63 IRAS 15486-0350 -2665 2728 0.02 2002-APR-09CB 65 [VRC2001℄ L1704 SMM 1℄ -132.6 83.1 0.09 2004-AUG-04IRAS 16287-2337 -98.8 103.4 0.16 2002-JUN-16CB 67 IRAS 16485-1906 -130.3 85.4 0.08 2004-AUG-04CB 68 CS peak -102.6 113.1 0.08 2004-JUL-09-102.7 113.0 0.05 2005-JUN-06IRAS 16544-1604 -102.7 113.0 0.05 2004-JUL-08NH3 peak -102.8 113.0 0.10 2004-AUG-21CB 78 IRAS 17147-1821 -2720 2673 0.06 2002-MAR-13CB 81 outow -104.3 111.4 0.15 2004-JUL-04CB 82 [VRC2001℄ L57 SMM 1 -104.2 111.5 0.3 2004-JUL-23-101.0 114.7 0.06 2005-JUN-06NH3 peak -104.4 111.3 0.12 2004-AUG-26CS peak -97.5 104.7 0.06 2004-JUL-08CB 98 CB98-mm -97.0 118.7 0.14 2004-JUL-23CB 100 IRAS 17490-0258 -96.5 105.7 0.10 2002-NOV-16IRAS 17493-0258 -103.1 112.7 0.05 2004-AUG-21CB 101 IRAS 17505-0828 -2654 2739 0.02 2002-APR-10-101.1 114.6 0.07 2004-AUG-04CB 104 IRAS 17526-0815 -2654 2738 0.03 2002-APR-10IRAS 17533-0808 -97.1 118.6 0.05 2004-AUG-21CB 105 IRAS 17561-0349 -100.9 114.8 0.09 2004-AUG-21CB 106 IRAS 17577-0329 -91.5 124.2 0.06 2004-JUL-15IRAS 17580-0330 -101.5 114.2 0.05 2004-AUG-26IRAS 17586-0330 -101.5 114.3 0.06 2004-AUG-26CB 108 [YMT96℄ CB 108 1 -95.5 106.7 0.3 2002-SEP-30-102.1 113.6 0.05 2005-JUN-06CB 118 IRAS 18094-1550 -2654 2739 0.03 2002-APR-08CB 121 IRAS 18115-0701 -101.9 113.9 0.08 2004-AUG-21IRAS 18116-0657 -101.9 113.8 0.09 2004-AUG-26CB 124 IRAS 18120+0704 -87.2 128.5 0.05 2004-JUL-15IRAS 18122+0703 -80.7 121.5 0.20 2002-NOV-15CB125 NH3 peak -94.7 107.5 0.8 2002-OCT-02CB 128 IRAS 18132-0350 -99.0 116.7 0.06 2004-JUL-07CB 130 CB130-mm -97.6 118.1 0.06 2004-JUL-22CB 131 CB131-smm -101.0 114.7 0.10 2004-JUL-24CB 137 IRAS 18219-0100 -98.4 117.3 0.10 2004-AUG-04



3.6 Conlusions 83Table 3.3: (ontinued).Globule Soure Vmin1 Vmax1 Noise2 Date3(km s�1) (km s�1) (Jy)CB 142 IRAS 18272-1343 -89.1 126.6 0.06 2004-JUL-08CB 145 IRAS 18296-0911 -103.1 112.7 0.05 2004-JUL-07CB 146 IRAS 18293-0906 -103.3 112.4 0.06 2004-JUL-09IRAS 18294-0901 -103.3 112.5 0.07 2004-JUL-09[HSW99℄ CB 146 SMM 2 -103.3 112.4 0.05 2004-JUL-08[HSW99℄ CB 146 SMM 1 -103.3 112.4 0.05 2004-JUL-08CB 171 [YMT96℄ CB 171 3 -90.9 124.9 0.05 2004-JUL-22[YMT96℄ CB 171 2 -90.9 124.8 0.06 2004-JUL-22CB 177 IRAS 18599+1739 -91.2 124.5 0.08 2004-SEP-04CB 178 IRAS 18595+1812 -92.2 123.5 0.13 2004-SEP-05IRAS 19002+1755 -92.2 123.5 0.07 2004-AUG-27CB 180 NH3 peak -95.9 119.9 0.04 2004-JUL-09CB 184 IRAS 19116+1623 -2655 2738 0.03 2002-APR-08CB 187 IRAS 19162-0135 -101.2 114.5 0.10 2004-SEP-03CB 188 IRAS 19179+1129 -99.9 115.8 0.07 2004-AUG-25Outow -100.4 115.3 0.07 2004-JUL-09CS peak -94.0 108.2 0.10 2002-SEP-18IRAS 19180+1127 -100.4 115.3 0.05 2004-JUL-09CB 189 IRAS 19180+1116 -99.9 115.8 0.08 2004-AUG-25[VRC2002℄ L673 SMM 7 -100.1 115.6 0.04 2005-JUN-06[VRC2002℄ L673 SMM 1 -100.0 115.7 0.07 2005-FEB-26-100.8 115.0 0.05 2005-JUN-16IRAS 19180+1114 -100.0 115.8 0.05 2005-SEP-22IRAS 19183+1123 -100.4 115.3 0.06 2004-AUG-22IRAS 19184+1118 -100.5 115.3 0.06 2004-AUG-22CB 190 IRAS 19186+2325 -96.5 119.3 0.09 2004-AUG-22CB 194 IRAS 19273+1433 -103.7 112.1 0.12 2004-SEP-10CB 196 IRAS 19329+1213 -97.7 118.0 0.10 2004-SEP-09CB 198 IRAS 19342+1213 -97.7 118.0 0.06 2004-OCT-25-99.0 116.7 0.05 2005-JUN-16CB 199 [ARC92℄ Barn 335 9 -99.2 116.5 0.09 2005-FEB-27[ARC92℄ Barn 335 1 -108.9 106.8 0.05 2004-NOV-09IRAS 19343+0727 -99.2 116.5 0.08 2004-AUG-18[ARC92℄ Barn 335 2 -108.9 106.8 0.06 2004-NOV-09-99.2 116.5 0.10 2005-FEB-22NH3 peak -99.2 116.5 0.06 2004-AUG-18-99.2 116.5 0.12 2005-FEB-22-99.3 116.4 0.05 2005-JUN-16IRAS 19345+0727 -92.7 109.5 0.13 2003-MAY-16[ARC92℄ Barn 335 11 -99.6 116.1 0.05 2005-JUN-15IRAS 19347+0729 -99.1 116.6 0.07 2004-SEP-03IRAS 19348+0724 -99.1 116.6 0.07 2004-SEP-04CB 203 IRAS 19413+1902 -91.7 124.1 0.09 2004-SEP-04CB 205 IRAS 19427+2741 -93.6 122.1 0.07 2004-AUG-22-85.1 117.2 0.06 2005-JUN-16[YMT96℄ CB 205 1 -85.3 116.9 0.07 2002-SEP-03-85.3 116.9 0.10 2002-SEP-19-85.3 116.9 0.13 2002-NOV-16[HSW99℄ L 810 SMM 2 -91.7 124.0 0.05 2004-JUL-22[YMT96℄ CB 205 2 -2659 2734 0.03 2002-APR-08



84 Chapter 3 : A sensitive survey for water maser emission towards Bok globules.Table 3.3: (ontinued).Globule Soure Vmin1 Vmax1 Noise2 Date3(km s�1) (km s�1) (Jy)IRAS 19433+2743 -85.3 116.9 0.25 2003-JUL-11-91.7 124.0 0.05 2004-JUL-22-91.8 124.0 0.05 2005-JUN-16IRAS 19433+2751 -91.7 124.1 0.07 2004-AUG-25[YMT96℄ CB 205 3 -85.3 116.9 0.08 2002-SEP-03-85.3 116.9 0.17 2002-NOV-16-91.7 124.0 0.05 2004-JUL-15IRAS 19438+2757 -91.6 124.1 0.07 2004-AUG-25IRAS 19438+2737 -91.7 124.0 0.10 2004-AUG-25IRAS 19439+2748 -91.7 124.1 0.07 2004-SEP-05CB 206 [YMT96℄ CB 206 2 -92.2 123.5 0.07 2004-JUL-22-92.3 123.4 0.05 2004-AUG-05CB 207 IRAS 19437+2108 -99.9 115.9 0.06 2004-AUG-05CB 208 IRAS 19450+1847 -92.1 123.6 0.11 2004-SEP-10CB 210 IRAS 19529+3341 -97.8 118.0 0.09 2004-SEP-04CB 211 IRAS 19576+2447 -100.5 115.2 0.10 2004-SEP-04CB 214 IRAS 20018+2629 -91.2 111.0 0.14 2003-JUL-11CB 216 Outow -88.5 113.7 0.14 2002-SEP-17IRAS 20037+2317 -94.8 120.9 0.10 2004-SEP-05CS peak -2659 2734 0.03 2002-APR-08-88.5 113.7 0.13 2002-SEP-17CB 217 Outow -100.6 101.6 0.12 2003-JUL-11[YMT96℄ CB 217 4 -107.0 108.7 0.06 2004-JUL-24CB 219 IRAS 20176+6343 -2680 2713 0.03 2002-APR-08CB 222 IRAS 20328+6351 -101.0 101.2 0.04 2002-APR-19CB 224 IRAS 20355+6343 -103.8 98.4 0.19 2003-JUN-07-110.3 105.3 0.04 2004-OCT-29-110.7 105.0 0.04 2005-JUN-05NH3 peak -2681 2713 0.04 2003-APR-08CB 225 IRAS 20365+5607 -103.6 98.6 0.06 2002-APR-18-103.6 98.6 0.13 2002-AUG-14CB 230 [YMT96℄ CB 230 1 -98.2 104.0 0.04 2002-APR-19[YMT96℄ CB 230 2 -2685 2708 0.05 2002-APR-07CB 233 CS peak -108.5 107.3 0.10 2004-AUG-19-109.3 106.4 0.05 2005-APR-14CB 235 IRAS 21548+5843 -108.0 107.8 0.10 2004-AUG-19CB 238 NH3 peak -107.3 108.4 0.05 2004-AUG-22CB 240 IRAS 22317+5816 -111.5 104.3 0.08 2004-JUL-30CB 241 IRAS 23095+6547 -115.5 100.3 0.08 2004-JUL-30CB 243 IRAS 23228+6320 -112.2 90.0 0.09 2003-MAY-11NH3 peak -112.2 90.0 0.20 2002-OCT-13[VRC2001℄ L1246 SMM 2 -119.0 96.8 0.07 2004-JUL-24CS peak -119.0 96.8 0.06 2004-JUL-24CB 244 [VRC2001℄ L1246 SMM 2 -104.0 111.8 0.08 2004-JUL-30[YMT96℄ CB 244 1 -2694 2699 0.04 2002-APR-07IRAS 23249+7406 -97.2 105.0 0.12 2003-JUN-07CB 246 CB246-mm -103.6 112.2 0.08 2004-JUL-24CB 247 IRAS 23550+6430 -104.8 97.4 0.06 2003-MAY-12Notes to Table 3.31Veloity range overed by the observational bandwidth2Noise level, 1�3Date of observation
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Chapter 4High-resolution observations ofwater masers in Bok globulesIn this hapter we present VLA observations at 1.3 m of several water maserdetetions obtained by previous single-dish studies of Bok globules in the Clemens &Barvainis (1988; CB) atalog. These inlude our new detetions obtained before 2003May among those presented Chapter 3, i.e., those in CB 54, CB 65, CB 101, and CB 232,as well as the masers in CB 3 (Sappini et al. 1991 and Chapter 3) and CB 205 (Nekel etal. 1985). We also present single-dish observations of millimeter and entimeter spetrallines towards CB 101 (IRAS 17503�0833) and CB 65 (IRAS 16277�2332) in order to studythe nature of these soures. We have used the aurate positions of the maser emission toderive information about the powering soure of the masers, their relation with moleularoutows, and the kinematial properties of the region.4.1 MotivationAs we mentioned in the introdution of this thesis (Chapter 1), water maseremission is a very useful tool for deriving information about the physial onditions andkinematis of the gas surrounding the most embedded YSOs at high-resolution (�1 mas),due to the highly loalized onditions to pump the maser emission and the high intensityof this phenomenon.Until now, all the reported studies of water masers in Bok globules of the CBatalog present single-dish data (Sappini et al. 1991; Felli et al. 1992; Palla & Prusti 1993;Wouterloot et al. 1993; Persi et al. 1994; Codella & Felli 1995 and Chapter 3). However,interferometri observations are neessary to aurately pinpoint the pumping soure ofwater maser emission, among several andidates, and to determine whether maser emissionin these Bok globules tend to trae ollimated jets or irumstellar disks.



86 Chapter 4 : High-resolution observations of water masers in Bok globulesIn this hapter we present for the �rst time interferometri, high-angular reso-lution observations using the VLA of some of these water masers in Bok globules. Theglobules inluded omprise those in whih water masers were deteted in the survey re-ported in Chapter 3, between 2002 April and 2003 May (i.e., CB 54, CB 65, CB 101, andCB 232), as well as CB 3 (Sappini et al. 1991) and CB 205 (Nekel et al. 1985). Theinterferometri data have been omplemented with a multimoleular single-dish study atmillimeter and entimeter wavelengths using the IRAM-30m and Robledo-70m antenna ofCB101 (IRAS 17503�0833) and CB65 (IRAS 16277�2332), in order to better understandthe nature of these soures, and determine the internal struture of their surroundingregion. This hapter is strutured as follows: in x4.2 we desribe our observations anddata proessing. In x4.3 we present our observational results and we disuss them. Wesummarize our onlusions in x4.4.4.2 Observations and data proessing4.2.1 VLA observationsWe observed simultaneously the 616-523 transition of H2O and ontinuum at 1.3m with the VLA, toward the Bok globules CB 54, CB 65, CB 101, CB 205, and CB232. Observations of CB 54, CB 101, CB 205, and CB 232 were arried out on 2004February 2 and 3 using the VLA in its CnB on�guration, while CB 65 was observed on2005 February 12 in the BnA on�guration. We seleted the four IF spetral line modeto observe line and ontinuum simultaneously, proessing both right and left irularpolarizations. Two IFs were used to observe the water maser transition, sampled on 64hannels over a bandwidth of 3.125 MHz, with a veloity resolution of 0.66 km s�1. Theother two IFs were used for radio ontinuum observations at 1.3 m, overing a 25 MHzbandwidth on 8 hannels, and entered 50 MHz above the entral frequeny used for lineobservations. The entral veloity of the bands for line observations, the oordinates of thephase enters and the synthesized beam information are listed in Table 4.1 for eah soure.The primary alibrators were 3C48 (adopted ux density of 1.132 Jy) for observations on2004 February 2, and 3C286 (adopted ux density of 2.539 Jy) for observations on 2004February 3 and 2005 February 12. The phase alibrators and their bootstrapped uxdensities are given in Table 4.1. We used J0609-157, J1743-038, and 3C286 as bandpassalibrators. Calibration and data redution were performed with the Astronomial ImageProessing System (AIPS) of NRAO. We deteted water maser emission on CB 54, CB101, and CB 232 (see Table 4.2), but we did not detet any emission towards either CB65 or CB 205.
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Table 4.1: Setup of VLA observationsSoure Right Asensiona Delinationa V0b Beam Size Beam P.A. Phase alibrator Sal Dated(J2000) (J2000) (km s�1) (00) (deg) (Jy)CB 3e 00 28 43.5075 +56 41 56.868 �60.0 0.55�0.25 81 J0136+478 5.8�1.2 95/10/28CB 54 07 04 21.2170 �16 23 15.000 7.9 0.93�0.44 73 J0609�157 4.55�0.17 04/02/02CB 65 16 30 43.7109 �23 39 07.736 2.3 0.28�0.18 86 J1626�298 2.00�0.03 05/02/12CB 101 17 53 05.2300 �08 33 41.170 28.8 0.99�0.39 68 J1743�038 7.04�0.05 04/02/03CB 205 19 45 23.8630 27 50 57.840 13.2 0.86�0.79 48 J2015+371 3.06�0.05 04/02/03CB 232 21 37 11.3100 43 20 36.260 12.1 1.08�0.67 53 J2202+422 2.50�0.04 04/02/03Notes to Table 4.1aCoordinates of the phase enter. Units of right asension are hours, minutes, and seonds. Units of delination are degrees,arminutes, and arseonds.bLoal standard of rest veloity of the enter of the bandwidth.Bootstrapped ux densities of phase alibrators at 22 GHz.dObservation date, YY/MM/DDeArhive data



88 Chapter 4 : High-resolution observations of water masers in Bok globulesIn the ase of CB 101 and CB 232, maser data were self-alibrated, and spetralHanning smoothing was applied (to alleviate ringing in the bandpass), whih provides a�nal veloity resolution of � 1.3 km s�1. The ontinuum data of these two soures wereross-alibrated using the self-alibration solutions obtained for the stronger maser lines.None of the soures surveyed show radio ontinuum emission at our sensitivity level (seeTable 4.3).We have also proessed water maser data on soure CB 3, taken from the VLAarhive. The observations were arried out on 1995 Otober 28, in the B on�guration.These observations were made in the 1IF spetral line mode, in right irular polarizationonly, with a bandwidth of 6.25 MHz sampled over 128 hannels (veloity resolution of 0.66km s�1). The veloity of the enter of the bandwidth, oordinates of the phase enter, andsynthesized beam size are also listed in Table 4.1. The soure 3C48 was used as primaryux alibrator, with an assumed ux density of 1.131 Jy, while J0136+478 was used asphase and bandpass alibrator (Table 4.1). Water maser emission was deteted towardCB 3 (see Table 4.2). The data were self-alibrated and spetral Hanning smoothing wasapplied, with a �nal veloity resolution of � 1.3 km s�1.
Table 4.2: Water maser features deteted with the VLA.Soure O�set R.A.1 O�set De1 Position2 Flux density3 VLSR4(00) (00) unertainty (00) (Jy) (km s�1)CB 3 (A) �0.063 �0.065 0.007 1.4�0.6 �37:0CB 3 (B) 0 0 ....5 68�27 �51:4CB 3 (C) �0.013 �0.014 0.003 2.8�0.6 �57:4CB 3 (D) �0.0226 �0.0207 0.0006 14�6 �67:2CB 3 (E) 0.003 �0.003 0.003 2.3�0.9 �78:4CB 54 �6.49 �6.30 0.03 0.091�0.013 17:8�6.467 �6.293 0.018 0.124�0.014 15:8CB 101 0 0 ....5 0.492�0.011 29:5CB 232 0 0 ....5 46.6�1.5 10:1Notes to Table 4.21Position o�sets of the peak of eah distint water maser feature with respet to the referene feature usedfor self-alibration ([�,Æ℄J2000:0 = [00h28m42s:612, +56Æ4200100:17℄ for CB 3, [17h53m05s:882, �08Æ3303800:17℄ forCB 101 and [21h37m11s:402, +43Æ2003800:26℄ for CB 232), or with respet to the phase enter (07h04m21s:217,�16Æ2301500:00) for CB 54.2Relative position errors with respet to the referene positions. The absolute position unertainty of the refereneposition is ' 000:19 for CB 3, ' 000:05 for CB 101, and ' 000:12 for CB 232 and CB 54. Unertainties are 2�.3Unertainties are 2�.4LSR veloity of the spetral hannel where maser emission is deteted. Veloity resolution �1.3 km s�1.5Referene feature.



4.2 Observations and data proessing 89Table 4.3: VLA ontinuum data at 1.3 mSoure Flux density1(mJy)CB 54 <0.4CB 65 <2.7CB 101 <0.4CB 205 <0.5CB 232 <0.5Notes to Table 4.31Upper limits are 3�.4.2.2 Single-dish observations4.2.2.1 IRAM 30 mMillimeter single-dish observations were arried out towards CB 65 (IRAS 16277�2332) and CB 101 (IRAS 17503�0833) with the IRAM-30m telesope at Pio Veleta(Spain), in 2004 July-August. We have used Superondutor-Insulator-Superondutor(SIS) heterodyne reeivers to observe nine di�erent transitions at � 1:3, � 2:7, and � 3mm. We observed the 13CO(1-0), 13CO(2-1), C18O(1-0), C18O(2-1), CO(1-0), CO(2-1),SiO(2-1), CS(2-1), and CS(5-4) lines towards CB 101. In the ase of CB 65, only theCO(1-0) and CO(2-1) lines were observed. In Table 4.4 we have summarized the restfrequenies of the di�erent moleular speies observed, the typial system temperature(Tsys), the half power beam width, the main beam eÆieny for eah transition, aver-aging area, and parameters of the lines. Pointing was heked every hour by observingJ1743�038, giving a pointing auray better that 200. The observations were made bywobbling the seondary mirror to a distane of 22000 from the soure for CO(1-0), CO(2-1), and CS(5-4) transitions, and in frequeny swithing mode for C18O(1-0), C18O(2-1),13CO(1-0), 13CO(2-1), CS(2-1), and SiO(2-1) transitions. In addition, we observed CO(1-0) and CO(2-1) in frequeny swithing mode at one seleted position to better estimatethe exitation onditions. The data were taken with the versatile spetrometer assembly(VESPA) autoorrelator, split into two or three parts (depending on the lines), to observesimultaneously two or three di�erent frequenies. This provided resolutions between 0.05and 0.4 km s�1 at 1.3 mm, between 0.05 and 0.8 km s�1 at 2.7 mm, and ' 0:06 km s�1 at3 mm. Moreover, we used a 1 MHz �lter bank split into two parts of 256 hannels eah,in ombination with VESPA. It provided a veloity resolution of 1.3 and 2.6 km s�1 at 1.3and 2.7 mm, respetively. The alibration was made using the hopper wheel tehniqueand the line intensities are reported as main beam brightness temperatures. With thissetup, in some ases the same transition was observed with di�erent veloity resolutions.The values shown in Table 4.4 orrespond to the data with best rms.



90 Chapter 4 : High-resolution observations of water masers in Bok globules4.2.2.2 Robledo de Chavela 70 mCentimeter single-dish spetral line observations of CB 101 were obtained withNASA's 70 m antenna (DSS-63) at Robledo de Chavela, Spain, for both CCS JN=21-10and NH3(1,1) transitions. Rest frequenies, typial system temperatures, half power beamwidths, main beam eÆienies, and averaging region for alulations are given in Table4.4. The rms pointing auray of the telesope was better than 600 and 1100 for CCSand ammonia observations, respetively. Observations were made in frequeny swithingmode, using the SDS 256-hannel spetrometer. The CCS observations were performed on2002 May with a bandwidth of 1 MHz (veloity resolution ' 0:05 km s�1), while the NH3observations were arried out during 2003 July with a bandwidth of 10 MHz (veloityresolution ' 0:5 km s�1). All the single-dish data redution was arried out using theCLASS pakage.
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Table 4.4: Single-dish observations towards CB 101 and CB 65Moleule Transition Rest � Telesope Æv1 Tsys2 HPBW3 �MB4 TMB5 Averaging6 �v7 R TMBdv8(MHz) (km s�1) (K) (00) (K) area (0) (km s�1) (K km s�1)CB 65CO J=1-0 115271.2018 IRAM-30m 2.60 400 21 0.73 <0.03 (0,0) ... ...J=2-1 230538.0000 IRAM-30m 1.30 600 11 0.52 <0.3 (0,0) ... ...CB 10113CO J=1-0 110201.3541 IRAM-30m 0.05 270 22 0.74 1.51�0.23 (0,0) 0.44�0.04 0.61�0.16J=2-1 220398.6765 IRAM-30m 0.05 2700 11 0.54 1.1�0.5 2�2 0.24�0.09 0.27�0.21C18O J=1-0 109782.1734 IRAM-30m 0.05 290 22 0.74 <0.10 2�2 ... ...J=2-1 219560.3568 IRAM-30m 0.05 1300 11 0.54 <0.4 2�2 ... ...CO J=1-0 115271.2018 IRAM-30m 0.05 400 21 0.73 6.3�0.6 (0,0) 0.86�0.03 5.7�0.7J=2-1 230538.0000 IRAM-30m 0.05 600 11 0.52 6.6�1.0 (0,0) 0.95�0.05 6.4�1.5SiO J=2-1 86846.9600 IRAM-30m 0.07 700 28 0.77 <0.7 (0,0) ... ...CS J=2-1 97980.9500 IRAM-30m 0.06 270 25 0.76 <0.11 2�2 ... ...J=5-4 244935.6435 IRAM-30m 1.22 500 10 0.49 <0.4 (0,0) ... ...CCS JN=21-10 22344.0330 Robledo-70m 0.05 60 41 0.38 <0.5 (0,0) ... ...NH3 (J,K)=(1,1) 23694.4955 Robledo-70m 0.50 90 39 0.35 <0.14 1.7�1.7 ... ...Notes to Table 4.41Veloity resolution for eah transition.2Typial system temperature.3Half power beam width of the telesope.4Main beam eÆieny.5Main beam brightness temperature of the emission peak. Unertainties are 2 �. Upper limits are 3 �.6Area over whih data were averaged to obtain the quoted TMB, entered at IRAS 16277�2332 for CB 65 and at IRAS 17503�0833 for CB 101. (0,0)means that only the entral spetrum was used. This averaging area oinides with the mapped area in the moleular transitions CO(1-0) and CO(2-1) forCB 65 and 13CO(2-1), C18O(1-0), C18O(2-1), SiO(2-1), CS(2-1), CS(5-4), CCS(21-10) and NH3(1,1) for CB 101. The transition 13CO(1-0) was mappedin a region of 20�20 (see Fig 4.5) and the transitions CO(1-0) and CO(2-1) where mapped over an area of 4000�4000 in CB 101 (see subsetion 4.3.4).7Line width of the emission peak, obtained from a Gaussian �t to the line transition. Unertainties are 2 �, and represent the error in the Gaussian �t.8Veloity integrated mean brightness temperature of the emission peak. Unertainties are 2 �.



92 Chapter 4 : High-resolution observations of water masers in Bok globules4.3 Results and disussion4.3.1 CB 3Several soures in di�erent stages of evolution have been identi�ed in CB 3:the young stellar objet CB 3/YC1, whih orresponds to the IRAS PSC soure IRAS00259+5625 (Yun & Clemens 1994a), a near-infrared soure, CB 3 YC1-I, that was pro-posed to be a Class II soure (Yun & Clemens 1995), and a millimeter soure, CB 3-mm(Launhardt & Henning 1997), ataloged by Codella & Bahiller (1999) as a probable lass0 objet, whih also shows submillimeter emission (Launhardt et al. 1997). As we om-mented in Chapter 3, this Bok globule is assoiated with a bipolar moleular outowelongated in the north-south diretion (Yun & Clemens 1994a; Codella & Bahiller 1999),of whih CB 3-mm was proposed to be the driving soure (Codella & Bahiller 1999).The outow reveals di�erent CO lumps along its main axis, whih suggest episodi massloss (Codella & Bahiller 1999). There are four H2 emission knots, projeted towards theblueshifted lobe of the outow, and whose distribution does not follow a straight line (seeFig. 4.1), probably due to preession of the outow axis (Massi et al. 2004).The water maser position reported by Sappini et al. (1991), with single-dishobservations is shifted ' (3000, �6000) from our VLA detetion. At least �ve distintspetral features are evident in the maser spetrum. (Fig. 4.1), whih we designated as A,B, C, D, and E on Table 4.2, and show veloities of ' �37:0, �51.4, �57.4, �67.2, and�78.4 km s�1 respetively. Component D may in its turn be omposed of two individualfeatures, but they are blended with our spetral resolution. All exept omponent A areblueshifted with respet to the loud veloity (VLSR=�38.3 km s�1, Clemens & Barvainis1988). There is some inner spae-kinematial struture in these maser features. A plot ofthe entroids of the maser emission for eah veloity hannel shows a struture of ' 000:1,elongated from northeast to southwest (see Fig. 4.1). The overall elongated struture isreal, sine the relative positional unertainty of the emission for most individual veloityhannels is smaller than the total size of the struture and the well-di�erentiated veloityomponents (Fig. 4.1). The emission orresponding the veloity losest to that of theloud (feature A) oupies the southern part of the struture, while the most blueshiftedone (E) is loated at the north.The maser emission is aligned in the diretion where the blueshifted moleularoutow extends, and it is loated ' 5" south of the position of CB3-mm reported byLaunhardt & Henning (1997), between this soure and the northernmost H2 knot observedby Massi et al. (2004) (see Fig. 4.1). However, the mm observations were made with abeamsize of ' 1200, so it is possible that both mm and water maser emission atuallyome from the same loation, whih would be more aurately traed by the maser. Theproximity of the masers to the mm soure is onsistent with the idea that this soure is



4.3 Results and disussion 93powering the moleular outow.
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Figure 4.1: (Left) H2 image (grey sale; Massi et al. 2004. Positional error ' 100) of CB3. K1, K2, K3, and K4 represent the H2 knots deteted by Massi et al. 2004. The squaremarks the position of CB3-mm (Launhardt & Henning 1997). The ross marks the entroidposition of the water maser emission deteted with the VLA. (Lower right) Water maserspetrum of CB 3 obtained with the VLA. Di�erent symbols orrespond to the spetralfeatures A, B, C, D, and E, indiated in Table 4.2. (Upper right) Spatial distribution ofthe entroids of the emission at di�erent veloity hannels. The (0,0) position in this mapis the position of the referene feature used for self-alibration.
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Figure 4.2: (Top) Position-veloity distribution of the water maser emission at di�erent veloity hannels inCB 3, along the major axis of the elongated maser distribution shown in Fig. 4.1. The horizontal axis representsthe relative position of the emission along the major axis (P.A. = 53 o) of the distribution with respet to theirgeometrial enter. The vertial axis represents the veloity of eah hannel after subtrating the mean veloity ofthe spetrum (�61:0 km s�1). Di�erent symbols orrespond to the same spetral features indiated in Fig. 4.1.The dashed line represent the general trend shown by the maser spots in this diagram. We note that points furtheraway from the dashed line are those with the largest positional unertainty. (Bottom left) Model of a deeleratingand preessing jet proposed for CB 3. Filled irles represent hypothetial parels of gas moving in the diretion ofthe arrow. Dashed lines represent two lines of sight through the jet. (Bottom right) Position-veloity distributionfor the proposed model. Filled irles and dashed lines orrespond to their equivalent in the left panel masers alongthe projeted main axis of the jet. Four partiular points (a to d) are marked in both bottom panels.



4.3 Results and disussion 95The position-veloity diagram of the maser emission along the major axis of themaser struture (Fig. 4.2) shows an interesting wave-like distribution. We note that asimilar distribution was observed in AFGL 2591 (Trinidad et al. 2003). We suggest thatthis position-veloity distribution is ompatible with a preessing jet at sales of ' 250AU. The possible presene of a preessing jet was already suggested by the relative spatialdistribution of H2 knots with respet to the powering soure (Massi et al. 2004). Inthe lower panels of Fig. 4.2, we show a sketh illustrating the model we propose. Weapproximated the preessing jet with a narrow one on whose surfae disrete ejetions ofmaterial are loated. If we assume that the ejeted material is being deelerated, we anreprodue a wave-like distribution similar to the one observed (upper panel of Fig. 4.2).Given the large number of di�erent veloity omponents, and their time variation(see setion 3.4.2.1), it would be interesting to arry out a VLBI monitoring of this soure,to trae the spaial distribution and proper motions of these di�erent omponents, to testthe proposed senario of a preessing jet at these small sales (250 AU), and to asertainwhether the maser variability is related to the presene of episodi mass-loss phenomena.4.3.2 CB 54This Bok globule hosts a multiple system of YSOs towards CB54 YC1 (IRAS07020-1618), with the presene of two bright near-infrared (K band, 2.2 �m) objets(CB54 YC1-I, YC1-II, whih are probably lass I protostars), plus a bright elongatedfeature (hereafter CB54 YC1-SW) mainly seen in H2 [v = 1{0 S(1), 2.121 �m℄ (Yun &Clemens 1994b, 1995; Yun et al. 1996; see Fig. 4.3). In addition, Yun et al. (1996) andMoreira et al. (1997) reported a radio-ontinuum soure (CB 54 VLA1)1 at 3.6 and 6m loated ' 500 to the NE of the nominal position of the IRAS soure (see Fig. 4.3).These soures are loated near the enter of a bipolar CO outow that is oriented in thenortheast-southwest diretion and probably moves lose to the plane of the sky (Yun &Clemens 1994a).Our VLA observations (Fig. 4.3) reveal water maser emission with two distintspetral features, at ' 15:8 and 17.8 km s�1. These veloities are blueshifted with respetto the veloity of the loud (VLSR=19.5 km s�1; Clemens & Barvainis 1988). The maseremission in this soure is highly variable. No maser emission was deteted with the Robledoantenna at the veloities reported here (Chapter 3, �gure 3.3), whih is understandablesine the ux density reported here is below the sensitivity threshold of those single-dishobservations. However, with the Robledo-70m antenna we deteted a omponent at ' 8km s�1 (see Setion 3.4.2.3), whih reahed a ux density of up to ' 45 Jy, and anotherone of up to ' 1 Jy at ' 14 km s�1. Neither of these is evident in the VLA spetrum(Fig. 4.3), although the omponent at ' 14 km s�1 might be present at a very low level,1Named as [YMT96℄ CB 54 2, in SIMBAD and Chapter 3 of this thesis
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Figure 4.3: (Left panel) Contour map of the 2MASS K-band emission (positional error' 000:2) surrounding IRAS 07020�1618 in CB 54. The ellipse is the position error of theIRAS soure. The ross indiates the entroid position of the waters masers observed withthe VLA. The star is the position of CB 54 VLA1, the radio-ontinuum soure at 3.6 mreported by Yun et al. (1996; positional error ' 200). (Right panel) Water maser spetrumof CB 54 obtained with the VLA.and blended with the one at ' 15:8 km s�1.The maser emission is loated at the position of the elongated feature CB54 YC1-SW (see Fig. 4.3). Yun (1996), on the basis that the elongated feature appears brighter inH2 than in the K-band, proposed that it ould trae shoked material, suh as a knot ina near-infrared jet. However, given its assoiation with the water masers, we suggest thatthey ould mark the position of another embedded YSO and that this objet is probablythe powering soure of the observed moleular outow in the region. In fat, masers areloated ' 18000-20000 AU (at a distane of 1.5 Kp; Launhardt & Henning 1997) fromboth CB 54 YC1-I and CB 54 YC1-II, whih make these objets less likely andidates forpumping the maser emission, sine masers in low-mass star-forming regions tend to bewithin several hundred AU from the powering soure (Chernin 1995; Claussen et al. 1998;Furuya et al. 2000, 2003). We did not detet 1.3 m ontinuum emission with the VLAeither at the position of CB54 YC1-SW or toward the other proposed YSOs in the region,with a 3� upper limit of 0.4 mJy. Deeper radio ontinuum measurements in this regionould help to on�rm whether CB54 YC1-SW is indeed a YSO.4.3.3 CB 65Our single dish survey with the Robledo de Chavela antenna revealed watermaser emission in IRAS 16277�2332, near the the CB 65 loud veloity (VLSR = 2.3km s�1; Clemens & Barvainis 1988), with a peak ux density of 0.3 Jy on 2002 June 16(see 3.4.2.4). However, no water maser emission was deteted with the VLA (� 40 mJy,



4.3 Results and disussion 973� upper limit), whih is not surprising given the time variability of these masers (Reid& Moran 1981). No 1.3 m ontinuum emission was deteted, with a 3� upper limit of2.7 mJy. On the other hand, the observations performed with the IRAM-30m antenna inthe CO(1�0) and (2�1) transitions, showed no high-veloity wings in the spetra, withan rms of 0.03 K and 0.3 K respetively. This indiates the absene of any signi�antmass-loss ativity.Unfortunately, there are not enough studies in the literature about IRAS 16277�2332 that may help us to larify the real nature of this soure. For instane, IRAS datashow emission at 60 �m, but only upper limits at 12, 25, and 100 �m. There are noMidourse Spae Experiment (MSX) infrared data nor emission in the 2MASS K, H, orJ bands, from whih to obtain information about its spetral energy distribution. Deeperinfrared observations are needed to reveal the nature of this soure.4.3.4 CB 101This Bok globule hosts two IRAS soures, IRAS 17503�0833 and IRAS 17505�0828. Our water maser single-dish survey revealed water maser emission towards IRAS17503-0833 (see Setion 3.4.2.5). This soure is loated ' 90 south of the globule enter.4.3.4.1 Water masers and radio ontinuum emissionWe have deteted with the VLA water maser emission toward IRAS 17503�0833at VLSR � 29.5 km s�1 (see Table 4.2 and Fig. 4.4), whih is redshifted with respet tothe veloity of the moleular loud (VLSR = 6.7 kms�1; Clemens & Barvainis 1988).

Figure 4.4: (Left panel) Contour map of the K-band 2MASS emission (positional error' 000:14) around IRAS 17503�0833 in CB 101. The ross represents the entroid position ofthe water maser emission. The ellipse represents the position error of IRAS 17503�0833.(Right panel) Water maser spetrum toward IRAS 17503�0833 in CB101, obtained withthe VLA.



98 Chapter 4 : High-resolution observations of water masers in Bok globulesThe ux density and veloity of the water maser emission are similar to thosefound with the Robledo antenna. The water maser emission oinides with a point soureobserved in the 2MASS K-band, whih is probably the near-IR ounterpart of IRAS17503�0833 (see Fig. 4.4). We did not detet VLA radioontinuum emission at 1.3 m,with a 3� upper limit of 0.4 mJy.4.3.4.2 Millimeter and entimeter single-dish observationsOur aim was to searh for any sign of star formation ativity toward IRAS17503�0833 (e.g., presene of moleular outows, high density moleular gas, and/orshoked material). We mapped the CO(1-0) and (2-1) transitions over an area of 40"�40"in order to detet a possible moleular outow in the region. No high-veloity emissionwas deteted in the spetra of any of these transitions, with a rms of 0.012 K per hannel(hannel width ' 0.8 km s�1) and 0.026 K per hannel (hannel width ' 0.4 km s�1),respetively. Moreover, as for the general distribution of the moleular gas, Fig. 4.5 showsthe map of 13CO(1-0) integrated intensity in a region of 20 � 20. It reveals more intenseemission towards the northwest of the IRAS soure, whih is probably originated by themoleular gas ontained in the Bok globule, but there is no obvious loal maximum ofmoleular gas towards the soure. In Table 4.4 we summarized the single dish observa-tions performed in the rest of moleular transitions, as well as the emission of the CO(1-0),CO(2-1), and 13CO(1-0) lines entered at the IRAS soure and used to derive the physialparameters exposed below.The 13CO(2-1) emission is weak, and barely detetable in the region (Fig. 4.5).We did not detet emission of high-density moleular gas traers suh as the CCS(21-10),NH3(1,1), CS(2-1) and CS(5-4) lines. No emission of the SiO(2-1) transition was detetedeither. This transition is usually assoiated with shoked regions around young stellarobjets (Harju et al. 1998; Gibb et al. 2004).We derived the physial onditions of the region surrounding the IRAS soure,from the CO isotopes, under the following three assumptions (Estalella & Anglada 1996):(1) loal thermal equilibrium, (2) the CO emission is optially thik, and (3) 13CO emissionis optially thin. The CO(1-0) emission at the IRAS position was used to obtain theexitation temperature (Tex) from:Tex = 5:53 �ln�1 + 5:53TCO + 0:82���1where TCO is the main beam brightness temperature of the CO(1-0) emission, in K.For the 13CO (1-0) we derived its optial depth (�13CO) and its olumn densityN13CO as:
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Figure 4.5: (Upper left) Map of the 13CO(1-0) integrated emission in CB 101. Thereferene position (�lled irle) is that of IRAS 17503-0833. Contour levels are representedfrom 0.15 to 1.5 K km s�1 in steps of 0.15 K km s�1. Crosses mark the observed positions.(Upper right) Spetra of CO(1-0), CO(2-1), 13CO(1-0), and 13CO(2-1) at the position ofIRAS 17503-0833 in CB 101. The 13CO(2-1) spetrum (lower right) is the average overan area of ' 2' � 2' entered at the position of the IRAS soure. (Lower left) Infraredspetral energy distribution of IRAS 17503-0833 in CB 101. The squares represent the2MASS measurements in the H, J, and K band and the triangles represent the IRASmeasurements at 12, 25, and 60 �m (see table 4.5). (Lower right) Loation of IRAS17503�0833 in an (H-K)-(J-H) olor diagram. The square represents the dereddenedinfrared olor of IRAS 17503�0833. The solid line represents the main sequene, thedotted line represents the Red Giant Branh, and dashed line is a blak body at di�erente�etive temperatures.
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�13CO = � ln"1� T13CO� 5:29exp (5:29=Tex)� 1 � 0:87��1#N(13CO) = 2:42 � 1014 Tex�v(�13CO)1� exp (�5:29=Tex)where T13CO is the main beam brightness temperature of the 13CO (1-0) emission in K,and �v is the line width at half maximum, in km s�1.The physial parameters (derived from the spetra shown in Fig. 4.5 and theirorresponding values in Table 4.4), are Tex=9.6�0.3 K, �13CO=0.27�0.07, and N(13CO)= (6.6�2.6)�1014 m�2 at the position of the IRAS soure. The value of N(H2) is(3.3�1.2)�1020 m�2, derived from the relative abundane of 13CO with respet to H2,proposed by Dikman (1978), [H2/13CO℄=5�105. Kim & Hong (2002) reported a valueof N(13CO)=3.7�1015 m �2 towards the entral peak position of CB 101 (loated ' 90north). This value is ' 6 times higher than the value derived by us at the position ofIRAS 17503�0833.4.3.4.3 The nature of IRAS 17503�0833The absene of any signpost of star formation ativity assoiated with the watermaser emission, suggests that the water maser in CB 101 may not be assoiated with ayoung objet but with an evolved star, sine water maser emission is also known to beassoiated with irumstellar envelopes of late-type stars (Bowers & Hagen 1984; Engelset al. 1986, 1988; Habing 1996). Moreover, the di�erene between the entroid veloity ofthe deteted water maser and the loud veloity is ' 23 km s�1, whereas this di�erene isusually � 15 km s�1 in the ase of YSOs (Wilking et al 1994; Anglada et al. 1996a; Brandet al. 2003). To determine the true nature of IRAS 17503�0833, we have studied the dataavailable in the literature.The IRAS ux density at 12 �m is well determined, but the values for 25, 60,and 100 �m are only upper limits. The near-infrared ux densities were retrieved from the2MASS atalog, and they are shown, together with the IRAS ux densities, in Table 4.5.We have dereddened the near-IR ux densities with a value for E(B�V) = 0.21, takenfrom Whitelok et al. (1986) for stars with galati latitude b = 8 deg. The orreted J,H, and K magnitudes are: 8.643, 7.690, and 7.100, respetively.In Fig. 4.5 we have plotted the spetral energy distribution (SED) of IRAS17503�0833, inluding the upper limits for the IRAS ux densities. The SED is om-patible with a blakbody distribution, with its maximum in the near infrared. If this is anevolved objet, the presene of only one maximum suggests that no disk or irumstellarenvelope is detahed from the entral star. This would restrit the evolutionary stageof the star to the phase between Red Giant and the Asymptoti Giant Branh (AGB),



4.3 Results and disussion 101Table 4.5: Infrared data for IRAS 17503�0833� Flux density(�m) (Jy)1.25 0.481.65 0.822.17 0.8212 0.4225 <0.2860 <0.42sine after the AGB the SEDs usually show two maxima, one belonging to the entral starand the other to the irumstellar envelope (Kwok 1993). In Fig. 4.5, we have plottedthe dereddened IR olours of the objet in an IR olor-olor diagram, to further hekits evolutionary stage. IRAS 17503�0833 is loated to the right and above the Main Se-quene and the Red Giant Branh, whih is typial of Mira stars (see Whitelok et al.1994, 1995). Moreover, water maser emission is very frequent in Mira-type stars (Bow-ers & Hagen 1984). Therefore, we suggest that the CO emission found belongs to theloud CB 101, and IRAS 17503�0833 is a �eld star, not assoiated with the loud. In anyase, we think that optial spetra revealing the e�etive temperature of the star, togetherwith a light urve to perform variability studies of this soure are needed to on�rm itsidenti�ation as a Mira star.4.3.5 CB 205CB 205 is a very ative star formation region ontaining several YSOs (Herbst& Turner 1976; Nekel et al. 1985; Nekel & Staude 1990; Huard et al. 2000; Massi et al.2004), and a weakly ollimated bipolar moleular outow with a signi�ant overlappingof the redshifted and blueshifted emission (Xie & Goldsmith 1990).CB 205 was one of the few Bok globules in the CB atalog where water maseremission was known (Nekel et al. 1985) before the survey we undertook in this thesis(Chapter 3). The maser, loated near IRAS 19433+2743, showed a peak ux density of '4.8 Jy on May-Otober 1983. This emission was deteted again by Brand et al. (1994) on1992 January 18, with a peak ux density of 0.7 Jy and loated ' 4000 west of our phaseenter, although inside the 20 VLA primary beam at 22 GHz. However, as we mentionedin Chapter 3, we did not detet the maser with the Robledo antenna, with a 3� upperlimit of 0.75 Jy on 2003 July 11 and of 0.15 Jy on 2004 July 22 and 2005 June 16. OurVLA observations also failed to detet any water maser emission on 2004 February 3, ata level of & 7 mJy (3�). In our VLA observations, we did not detet any radio ontinuumemission at 1.3 m, with a 3� upper limit of 0.5 mJy.



102 Chapter 4 : High-resolution observations of water masers in Bok globules4.3.6 CB 232This Bok globule ontains a CO bipolar moleular outow entered near CB 232YC1 (IRAS 21352+4307), whose lobes are slightly overlapped and exhibit a poor degreeof ollimation (Yun & Clemens 1994a). Near-infrared maps reveal a single soure, thepossible ounterpart of IRAS 21352+4307 (Yun & Clemens 1994b) whih was designatedas CB 232 YC1-I and lassi�ed as a lass I objet (Yun & Clemens 1995). Huard et al.(1999) deteted two submillimeter soures, SMM1 (the westernmost one) and SMM2 (theeasternmost one), loated ' 1000 west and ' 500 south-east from CB 232 YC1-I respetively,with a positional error of ' 400. SMM1 was lassi�ed as a Class 0 soure while SMM2 wasproposed to be either the submillimeter ounterpart of CB 232 YC1-I, or another Class 0soure without infrared ounterpart (Huard et al. 1999).Our VLA observations show water maser emission with veloity VLSR � 10.1 kms�1 (see Table 4.2 and Fig. 4.6), lose to the loud veloity (VLSR=12.6 km s�1; Clemens& Barvainis 1988), and loated, within the positional errors, at the position of the near-infrared soure (see Fig. 4.6). This gives support to CB 232 YC1-I as the powering soureof the outow. The veloity of the maser is onsistent with that found in our single-dishdetetion (Chapter 3), although the ux density was a fator of � 50 larger in the epohin whih we took the interferometer observations. We did not detet radioontinuumemission at 1.3 m, with a 3� upper limit of 0.5 mJy.

Figure 4.6: (Left panel) Contour map of the near-infrared emission in K-band (positionalerror ' 000:12) around IRAS 21352+4307. The ellipse represents the error in the position ofthe IRAS soure. The ross represents the position of the water maser emission, and thetriangles mark the position of the submillimeter soures reported by Huard et al. (1999;positional error ' 400). (Right panel) Water maser spetrum of CB 232, obtained with theVLA.



4.4 Conlusions 1034.4 ConlusionsIn this hapter we have presented interferometri observations using the VLA, ofseveral soures of water maser emission deteted as a follow-up of our single-dish surveyperformed with the Robledo-70m antenna towards Bok globules. We also presented single-dish observations of several moleular transitions to try to asertain the nature of thesoures that pump water masers in CB 65 and CB 101. The general onlusions we haveobtained are the following:� We have deteted water maser emission with the VLA in CB 3, CB 54, CB 101, andCB 232. No detetion was observed towards CB 65 or CB 205.� These water masers are assoiated with star forming regions showing bipolar moleu-lar outows, exept for CB 101 (IRAS 17503�0833), whih we propose is an evolvedobjet, possibly a Mira star, and CB 65 (IRAS 16277�2332), whose nature is un-known.� All of the Bok globules assoiated with star formation present multiple stellar sys-tems in di�erent evolutionary stages. Aurate positions of water masers has helpedus to get information about their powering soures in the ase of CB 3, CB 54, CB101, and CB 232. We on�rm the millimeter soure CB 3-mm as the power sourein the ase of CB 3, and we propose the near-IR soure CB 232 YC1-I is the bestandidate for pumping the maser emission and probably the outow observed inCB 232. In the ase of CB 54, we propose a new young objet (CB 54 YC1-SW),seen as an elongated feature in near-infrared images, as the powering soure of themasers and probably of the moleular outow. In the CB 101 region, the masers areassoiated with a near-IR point soure observed in the 2MASS K-band, whih is thepossible ounterpart of IRAS 17503�0833.� The maser emission in CB 3 is distributed in the diretion of the moleular outow,and seem to be traing the inner part of a ollimated jet. In the ase of CB 54 andCB 232, with our positional auray it is not possible to asertain whether masersare assoiated with either a jet or a disk.� The position-veloity distribution of the maser emission in CB 3 shows a wave-likestruture, whih is onsistent with a preessing jet.



104 Chapter 4 : High-resolution observations of water masers in Bok globules4.4.1 ConlusionesEn este ap��tulo se han presentado observaiones interferom�etrias on el VLAde diversos gl�obulos de Bok on detei�on de m�aser de agua, a modo de omplemento dela b�usqueda realizada en estas regiones on la antena Robledo-70m. Tambi�en se presentanobservaiones de antena �unia de varias transiiones moleulares, para intentar disernirla naturaleza de las fuentes que provoan la emisi�on m�aser en CB 65 y CB 101. Lasonlusiones obtenidas son:� Se ha detetado emisi�on de m�aser de agua on el VLA en CB 3, CB 54, CB 101 yCB 232. No se ha observado detei�on ni en CB 65 ni en CB 205.� Estos m�aseres de agua est�an asoiados on regiones de formai�on estelar que pre-sentan ujos moleulares bipolares, exepto en CB 101 (IRAS 17503�0833), la ualproponemos ser un objeto evoluionado, posiblemente una estrella tipo Mira, y CB65 (IRAS 16277�2332), uya naturaleza es desonoida.� Todos los m�aseres de agua asoiados a formai�on estelar presentan sistemas estelaresm�ultiples en diferentes fases evolutivas. Las posiiones preisas de los m�aseres deagua han ayudado a obtener informai�on sobre las fuentes que los produen en elaso de CB 3, CB 54, CB 101 y CB 232. Con�rmamos la fuente milim�etria CB3-mm omo la fuente exitadora en el aso de CB 3 y proponemos a la fuente enel infrarrojo erano CB 232 YC1-I omo mejor andidata a fuente indutora dela emisi�on m�aser y probablemente del ujo moleular observado en CB 232. En elaso de CB 54, proponemos a un nuevo objeto joven (CB 54 YC1-SW), observadoomo una estrutura alargada en im�agenes de infrarrojo erano, omo la fuente deenerg��a de los m�aseres y probablemente del ujo moleular. En la regi�on de CB101, los m�aseres est�an asoiados on una fuente puntual en el infrarrojo eranoobservada en la banda K del 2MASS, posible ontrapartida de IRAS 17503�0833.� La emisi�on m�aser en CB 3 est�a distribuida en la direi�on del ujo moleular y pareetrazar la parte m�as interna de un jet olimado. En el aso de CB 54 y CB 232, onnuestra resolui�on espaial no es posible saber si los m�aseres est�an asoiados a unjet o a un diso.� La distribui�on de los m�aseres de agua de CB 3 en un diagrama de posii�on-veloidad,muestra una estrutura ondulada onsistente on un jet en preesi�on.
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Chapter 5CCS and NH3 emission assoiatedwith low-mass young stellarobjetsIn this hapter we present a single-dish survey of CCS emission (omplementedwith ammonia observations) at 1 m, toward a sample of low- and intermediate-massyoung star forming regions known to harbor water maser emission, made with NASA's70 m antenna at Robledo de Chavela, Spain. This work has a double aim: searh forthe youngest protostars and �nd the best andidates for future CCS interferometri ob-servations. We also study the relationship between the presene of CCS and the physialharateristis of the star forming regions of this survey.5.1 MotivationThe lines of the CCS moleule are a powerful tool for studying the physialonditions and the struture of dark moleular louds, beause they are intense, abundantand not very opaque in these regions. In addition, CCS is very useful for performingdynamial studies, sine it is heavier than other high density gas traers (and therefore,its lines are narrower) and it has no hyper�ne struture (Saito et al. 1987; Suzuki et al.1992). Moreover, CCS is useful for obtaining information about the age of moleularlouds. Previous single-dish observations show that CCS lines are intense in starless, old,quiesent ores, while ammonia tends to be abundant in star forming regions (Suzuki etal. 1992). It has been suggested that CCS is present in the �rst stages of moleular loudevolution, but it is soon destroyed (on a timesale of '105 years, Millar & Herbst 1990;Suzuki et al. 1992) after the formation of a dense ore. This destrution proess is indued



106 Chapter 5 : CCS and NH3 emission assoiated with low-mass young stellar objetsby the ore ontration (Suzuki et al. 1992) that initiates star formation. On the otherhand, when the moleular loud evolves, the physial onditions and the hemial evolutionin moleular ores favor the formation of other moleules like NH3 (Suzuki et al. 1992).For this reason the abundane ratio [NH3℄/[CCS℄ has been onsidered as an indiator ofthe evolution of moleular ores. This time-dependent hemistry is responsible for thepronouned spatial antiorrelation observed in the emission from these two speies, whereammonia tends to trae the inner regions and the CCS is found to be loated outside,surrounding ammonia ores, in a lumpy distribution (Hirahara et al. 1992; Kuiper et al.1996; Lai et al. 2003).If this evolutionary trend (CCS more abundant in starless ores and NH3 in moreevolved, ative star forming regions) is orret, any hane to use CCS as a tool to studystar-formation proesses will neessarily happen during the very �rst stages of the stellarevolution, i.e., Class 0 protostars. Interestingly, in these young protostars some of thekey phenomena harateristi of the star formation (infall, disk formation and powerfulmass-loss phenomena) are espeially prominent and oeval, and have their own kinematialsignature, whih make kinematial studies of their environment espeially interesting. Inthis early stage of stellar evolution, the presene of water maser emission at 22 GHz israther ommon. This emission is onsidered a good traer of mass-loss ativity in youngstellar objets (YSOs) in general (Rodr��guez et al. 1980b; De Buizer et al. 2005), and agood indiator of the age of low-mass YSOs, sine they tend to be exited preferentiallyin the Class 0 stage (Furuya et al. 2001).The ritial sales for these star formation proesses are of the order of ' 100�1000 AU in the ase of low mass stars (� 100�1000 for nearby moleular louds; Beltr�an et al.2001; Chen et al. 1995; Claussen et al. 1998). In order to study these phenomena with highenough resolution, it is neessary to arry out interferometri observations. This is feasiblefor strong maser lines, but very diÆult for thermal emission (like CCS and ammonia)sine it is usually weak and therefore high sensitivity is needed. At wavelengths of � 1 man instrument like the VLA provides high angular resolution, but at the expense of worseatmospheri phases that blur the emission. Weak soures, in whih self-alibration is notpossible, would not be deteted, or the quality of their maps would be poor. Nevertheless,these kinds of problems have been addressed, in the ase of ontinuum emission, by usingthe ross-alibration tehnique. This method involves the simultaneous observation of 1m ontinuum and strong water masers, and the use of the self-alibration solutions ofthe latter to orret phase and amplitude errors in the weaker ontinuum (Torrelles et al.1996, 1997, 1998b). This tehnique of ross-alibration using water masers has never beenapplied to spetral lines. The CCS(21�10) transition at �22 GHz is probably the bestandidate to perform it, sine it is only 110 MHz away from the H2O (616�523) maserline.



5.2 Observations 107In this hapter we present a sensitive and systemati single-dish survey of CCSemission (omplemented with NH3 observations) at 1 m wavelength, toward low- andintermediate-mass star forming regions that are known to harbor water maser emission,using the NASA's 70 m antenna at Robledo de Chavela, Spain. One of our main aims is to�nd the best andidates to make interferometri CCS studies with the VLA, but applyingthe ross-alibration tehnique for obtaining high-quality maps. Interferometri mapsof CCS, ammonia, and water masers would allow us to study kinematial and physialproperties of star forming regions at high resolution. Another purpose of the presentsurvey is the searh for the youngest star forming regions, assuming that the preseneof water masers and CCS emission are signs of youth in low-mass star-forming regions.Moreover, we present a searh for the relation between the CCS emission and the physialharateristis of the star forming regions of the survey.This Chapter is strutured as follows: in setion x5.2 we desribe our observationsand data redution. In setion x5.3 we show the survey results, as well as a short desriptionof the soures deteted. We disuss the results in x5.4 and, �nally, we summarize ouronlusions in x5.5.5.2 ObservationsObservations were arried out in di�erent periods between 2002 April and 2005Marh, using the NASA's 70 m antenna (DSS-63) at Robledo de Chavela, Spain. Thetotal telesope time was ' 50 hours (without inluding alibration or pointing heks).We observed the CCS JN=21-10 transition (rest frequeny = 22344.033 MHz) and theNH3(1,1) inversion transition (rest frequeny = 23694.496 MHz) toward a sample of starforming regions.The sample surveyed (Table 5.1) onsists of 40 low-mass (Lbol < 100 L�) andintermediate-mass (100 < Lbol < 104 L�) star-forming regions assoiated with water maseremission, as a sign of youth and ongoing star formation proesses. Most of the souresare low-mass star forming regions, although we have inluded 12 intermediate-luminositystar forming regions as a ontrol sample, in order to test any possible relation betweenthe CCS emission and the mass of the soures. Observations were entered at positionswhere water maser emission has been reported in the literature.Most of the CCS observations were performed in frequeny-swithing mode. Weused the SDS 256-hannel digital autoorrelator spetrometer with a bandwidth of 1 MHz,entered at the VLSR of eah loud (see Table 5.1), whih provides a veloity resolutionof 0.05 km s�1. Seven soures (see Table 5.2) were observed in position-swithing mode,with the SPB500 384-hannel digital autoorrelator spetrometer with a bandwidth of 2MHz (veloity resolution of 0.07 km s�1). The system temperature varied from 44 to 135



108 Chapter 5 : CCS and NH3 emission assoiated with low-mass young stellar objetsK, depending on weather onditions and elevation, with a mean system temperature of 76K. The ammonia observations were also made in position-swithing mode, usingSPB500 spetrometer. We used a bandwidth of 16 MHz, entered at the VLSR of eahloud, whih provides a veloity resolution of 0.5 km s�1. NGC 2071-North and AFGL5157 were observed using a bandwidth of 4 MHz, with a veloity resolution of 0.13 kms�1, but the spetra were smoothed to a �nal resolution of 0.5 km s�1. The systemtemperature varied from 52 to 99 K, with a mean system temperature of 78 K. The rmspointing auray of the data presented here was better than 1000.
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Table 5.1: Observed SouresSoure Alternative name Right Asension1 Delination1 VLSR2 Lbol3 D4 Referenes5(J2000) (J2000) (km s�1) (L�) (p)L12876 IRAS 00338+6312 00 36 47.5 +63 29 02 �18.0 1000 850 11,67,42L1448�IRS3 IRAS 03225+3034 03 25 36.4 +30 45 20 4.5 10 300 12,5,8L1448C LDN 1448-mm 03 25 38.7 +30 44 05 4.5 9 300 12,5,8RNO 15 FIR IRAS 03245+3002 03 27 39.0 +30 12 59 5.2 16 350 12,63,60IRAS 2A IRAS 03258+3104 03 28 55.4 +31 14 35 7.0 43 350 24,41,23HH 6 IRAS 7 03 29 11.2 +31 18 31 7.0 18 350 33,19,39B1�IRS IRAS 03301+3057 03 33 16.3 +31 07 51 6.3 2.8 350 24,36T TAU�South IRAS 04190+1924 04 21 59.4 +19 32 06 8.2 10 160 12,46,10L1534B IRAS 04361+2547 04 39 13.9 +25 53 21 6.2 3.8 140 12,35,8L1641�North6 IRAS 05338�0624 05 36 18.7 �06 22 09 7.4 120 500 12,61,22HH 1 IRAS 05339�0647 05 36 19.1 �06 45 01 9.3 50 500 16,57,32AFGL 51576 IRAS 05345+3157 05 37 47.8 +31 59 24 �18.0 5000 1800 34,48,52Haro4�255 IRAS 05369�0728 05 39 22.3 �07 26 45 4.8 13 480 12,2,21L1641�S3 IRAS 05375�0731 05 39 56.0 �07 30 18 5.1 70 450 12,61,53NGC 2024 FIR 5 Orion B 05 41 44.5 �01 55 43 11.0 &10 450 24,29,1HH 212 IRAS 05413�0104 05 43 51.1 �01 03 01 1.7 14 500 12,30,68B35A IRAS 05417+0907 05 44 29.8 +09 08 54 11.8 15 460 12,7,6HH 19�27 NGC 2068 H2O maser 05 46 31.2 �00 02 35 9.9 1.7 400 3,48,25NGC 20716 IRAS 05445+0020 05 47 04.8 +00 21 43 9.4 750 500 56,64,31NGC 2071�North IRAS 05451+0037 05 47 42.3 +00 38 40 9.0 40 500 12,64,38IRAS 06291+04216 06 31 48.1 +04 19 31 13.7 1882 1600 9,66,65NGC 2264 IRS6 IRAS 06384+0932 06 41 10.3 +09 29 19 8.7 2300 800 22,64,43IRAS 06584�08526 07 00 51.5 �08 56 29 40.5 5670 4480 49,66,45CB 54 IRAS 07020-1618 07 04 21.2 �16 23 15 19.5 55 600 27,13,58L260 IRAS 16442-0930 16 46 58.6 �09 35 23 3.5 0.97 160 22,28,47IRAS 18265+00286 18 29 05.8 +00 30 36 5.3 347 440 14,49Serpens FIRS 1 IRAS 18273+0113 18 29 49.8 +01 15 21 8.0 46 310 12,20,37LDN 723�mm IRAS 19156+1906 19 17 53.9 +19 12 25 10.5 3 300 24,26,17
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Table 5.1: (ontinued).IRAS 20050+27206 IRAS 20050+2720 MMS 1 20 07 06.7 +27 28 53 6.0 260 700 9,4,61S106 FIRf IRAS 20255+3712 20 27 25.5 +37 22 49 �1.0 <1000 600 24,63,50L1157-mm IRAS 20386+6751 20 39 06.5 +68 02 13 2.7 11 440 12,44,18GF9�2 20 51 30.1 +60 18 39 �2.7 0.3 200 24,59B361 IRAS 21106+4712 21 12 26.1 +47 24 24 2.7 4.7 350 12,28,6CB 232 IRAS 21352+4307 21 37 11.3 +43 20 36 12.6 3.9 350 27,13,15IC 1369N6 IRAS 21391+5802 21 40 42.4 +58 16 10 0.2 500 750 9,62,54L1204A6 IRAS 22198+6336 22 21 27.6 +63 51 42 �10.5 367 900 24,63,22L1204B IRAS 22199+6322 22 21 33.3 +63 37 21 �10.3 52 900 14,55,22L1251A IRAS 22343+7501 22 35 24.3 +75 17 06 �4.0 27 300 12,28,51L1251B IRAS 22376+7455 22 38 47.1 +75 11 29 �4.0 14 300 12,51Cepheus E IRAS 23011+6126 23 03 13.1 +61 42 26 �10.4 50 730 24,64,40Notes to Table 5.11Observed position, oinident with reported water maser position. Units of right asension are hours, minutes, and seonds. Units of delination are degrees,arminutes, and arseonds2Veloity of the loud with respet to the loal standard of rest.3Bolometri luminosity of the soure.4Distane to the soure.5REFERENCES:(1)Andr�e et al. 2000, (2)Anglada et al. 1989, (3)Anglada et al. 1996a, (4)Bahiller et al. 1995, (5)Bahiller et al. 1990b, (6)Beihman et al. 1986,(7)Benson & Myers 1989, (8)Bontemps et al. 1996, (9)Brand et al. 1994, (10)Cabrit & Bertout 1992, (11)Cesaroni et al. 1988, (12)Claussen et al. 1996, (13)Clemens& Barvainis 1988, (14)Codella & Felli 1995, (15)Codella & Muders 1997, (16)Comoretto et al. 1990, (17)Davidson 1987, (18)Davis & Eisloe�el 1995, (19)Edwards &Snell 1983, (20)Eiroa et al. 1992, (21)Evans et al. 1986, (22)Felli et al. 1992, (23)Froebrih 2005, (24)Furuya et al. 2003, (25)Gibb & Little 2000, (26)Goldsmith et al.1984, (27)G�omez et al. submitted, (28)Goodman et al. 1993, (29)Graf et al. 1993, (30)Harju et al. 1993, (31)Harvey et al. 1979, (32)Harvey et al. 1986, (33)Henkel etal. 1986, (34)Henning et al. 1992, (35)Heyer et al. 1987, (36)Hirano et al. 1997, (37)Hurt & Barsony 1996, (38)Iwata et al. 1988, (39)Jennings et al. 1987, (40)Ladd& Hodapp 1997, (41)Langer et al. 1996, (42)Lorenzetti et al. 2000, (43)Margulis et al. 1989, (44)Mikami et al. 1992, (45)Molinari et al. 2000, (46)Momose et al.1996, (47)Myers et al. 1987, (48)Pastor et al. 1991, (49)Persi et al. 1994, (50)Riher et al. 1993, (51)Sato et al. 1994, (52)Snell et al. 1988, (53)Stanke et al. 2000,(54)Sugitani et al. 1989, (55)Tafalla et al. 1993, (56)Tofani et al. 1995, (57)Torrelles et al. 1993a, (58)Wang et al. 1995, (59)Wiesemeyer et al. 1999, (60)Wilking etal. 1994b, (61)Wilking et al. 1989a, (62)Wouterloot & Brand 1989, (63)Wouterloot et al. 1993, (64)Wouterloot et al. 1988, (65)Wu et al. 2004, (66)Wu et al. 2001,(67)Yang et al. 1995, (68)Zinneker et al. 19926Intermediate-luminosity (Lbol > 100 L�) soures.



5.3 Survey results 1115.3 Survey resultsIn Table 5.2 and Table 5.3 we summarize the results of the survey. Out of the40 star forming regions surveyed in the CCS (21-10) line, only 6 low-mass soures showemission, and their spetra are shown in Fig 5.1. We have not deteted CCS emissiontowards any of the 12 intermediate-mass objets. On the other hand, we also observed36 of the soures in the NH3(1,1) transition, of whih 31 show detetable emission. Wenote that all soures deteted in CCS are assoiated with ammonia emission. In order toompare our results with the work by Suzuki et al. (1992), who surveyed dark ores mostlyin Taurus and Ophiuus, we will onsider only the low-mass soures in our sample. Wehave exluded the soure L260 from statistial alulations, sine its noise level for CCS issigni�antly higher than that of the other soures. In fat, several of our CCS detetionsare below the upper limit given for L260 (Table 5.2). With this exlusion, we have a subsetof 27 low-mass soures, among whih we an stritly de�ne as soures without detetableCCS emission those with TMB < 0:3 K or NCCS < 2:1 � 1012 m�3. Taking from Suzukiet al. (1992) the star forming regions (onsidering as suh those with presene of outowsand/or IRAS soures), the detetion rates obtained for CCS is 23% at 22 GHz. Sine theirdetetion limit of the CCS olumn density is similar to ours, we an meaningfully ompareit with our detetion rate of 22% for CCS. Using Fisher's exat test, we determined thatour detetion rates for CCS is statistially ompatible with that of Suzuki et al. (1992),at a on�dene level of 95%. This ompatibility is reasonable, sine water maser emission(the seletion riterion for our survey) is a good traer of star formation ativity (Furuyaet al. 2003; Rodr��guez et al. 1980b).Most of the star forming regions we surveyed have detetable ammonia emission,whih suggests that ammonia survives well in the protostar phase, as indiated by thepresene of water masers. Few of the regions have CCS emission, but all of these also haveNH3. Therefore, there are no regions assoiated with both H2O maser and CCS emission,but without NH3. Bearing in mind that there are many CCS-emitting louds without anysign of harboring protostars (Benson et al. 1998; Suzuki et al. 1992), these results supportthe evolutionary sequene of CCS+NH3+H2O ! NH3+H2O. In partiular, it supportsthe idea that the CCS moleule is destroyed before ammonia.



112 Chapter 5 : CCS and NH3 emission assoiated with low-mass young stellar objetsTable 5.2: CCS (21-10) line parameters 1Soure TMB 2 VLSR 3 �v 3 R TMBdv 4 NCCS 5(K) (km s�1) (km s�1) (K km s�1 ) (1012 m�2)L1287 <0.3 .... .... <0.07 <1.9L1448�IRS3 0.32�0.11 4.68�0.05 0.36�0.11 0.09�0.03 2.4�0.8L1448C 0.46�0.07 4.65�0.03 0.58�0.07 0.305�0.024 8.1�0.6RNO 15 FIR <0.15 .... .... <0.03 <0.8IRAS 2A <0.21 .... .... <0.05 <1.3HH 6 <0.24 .... .... <0.05 <1.3B1�IRS 0.70�0.13 6.72�0.04 0.89�0.10 0.57�0.05 15.1�1.3T TAU�South <0.22 .... .... <0.05 <1.3L1534B <0.20 .... .... <0.04 <1.1L1641�North6 <0.20 .... .... <0.05 <1.3HH 16 <0.24 .... .... <0.06 <1.6AFGL 5157 <0.3 .... .... <0.07 <1.9Haro4�255 <0.3 .... .... <0.07 <1.9L1641�S3 <0.22 .... .... <0.05 <1.3NGC 2024 FIR 5 <0.20 .... .... <0.04 <1.1HH 212 <0.3 .... .... <0.07 <1.9B35A <0.23 .... .... <0.05 <1.3HH 19�27 <0.3 .... .... <0.07 <1.9NGC 20716 <0.24 .... .... <0.06 <1.6NGC 2071�North 0.41�0.12 8.54�0.04 0.38�0.08 0.14�0.03 3.7�0.8IRAS 06291+0421 <0.3 .... .... <0.07 <1.9NGC 2264 IRS <0.20 .... .... <0.04 <1.1IRAS 06584�0852 <0.23 .... .... <0.05 <1.3CB 54 <0.22 .... .... <0.05 <1.3L260 <0.5 .... .... <0.11 <3IRAS 18265+0028 <0.20 .... .... <0.04 <1.1Serpens FIRS 1 <0.20 .... .... <0.04 <1.1LDN 723�mm <0.3 .... .... <0.07 <1.9IRAS 20050+2720 <0.3 .... .... <0.07 <1.9S106 FIR <0.15 .... .... <0.03 <0.8L1157�mm6 <0.18 .... .... <0.05 <1.3GF9�26 0.90�0.16 �2.415�0.022 0.24�0.05 0.25�0.05 6.6�1.3B361 <0.16 .... .... <0.04 <1.1CB 232 <0.24 .... .... <0.05 <1.3IC 1369N <0.3 .... .... <0.07 <1.9L1204A <0.24 .... .... <0.05 <1.3L1204B <0.3 .... .... <0.07 <1.9L1251A6 0.59�0.11 �4.91�0.04 0.47�0.09 0.28�0.04 7.4�1.1L1251B6 <0.3 .... .... <0.08 <2.1Cepheus E <0.3 .... .... <0.07 <1.9



5.3 Survey results 113Table 5.3: NH3(1,1) line parameters 1Soure TMB2 VLSR3 �v3 R TMBdv4 NNH35(K) (km s�1) (km s�1) (K km s�1 ) (1015 m�2)L1287 3.9�0.3 -17.73�0.12 2.2�0.3 9.3�0.5 2.76�0.15L1448�IRS3 5.7�0.3 4.22�0.07 1.17�0.16 7.7�0.4 1.52�0.08L1448C 4.97�0.24 4.60�0.03 1.28�0.14 6.8�0.3 1.00�0.04RNO 15 FIR 2.73�0.21 4.50�0.06 1.00�0.14 3.2�0.3 1.33�0.12IRAS 2A 1.70�0.13 7.27�0.09 1.69�0.19 3.15�0.17 5.0�0.3HH 6 1.8�0.3 8.27�0.10 1.1�0.3 2.3�0.5 2.4�0.5B1�IRS 4.04�0.24 5.95�0.06 1.06�0.14 5.2�0.4 1.79�0.14T TAU�South <0.3 .... .... <0.3 <0.09L1534B <0.5 .... .... <0.4 <0.12L1641�North 3.68�0.21 7.11�0.04 1.27�0.18 5.2�0.3 1.25�0.07HH 1 0.83�0.22 9.02�0.07 2.1�0.5 1.8�0.3 27�5AFGL 51576 <0.3 .... .... <0.3 <0.09Haro4�255 1.7�0.3 4.44�0.10 1.07�0.24 2.0�0.4 3.2�0.7L1641�S3 2.6�0.4 5.28�0.12 1.5�0.3 4.0�0.5 3.4�0.4NGC 2024 FIR 5 1.94�0.22 11.12�0.13 2.5�0.3 4.8�0.4 1.17�0.10HH 212 1.16�0.21 1.65�0.06 0.8�0.3 1.4�0.3 11.2�2.4B35A 2.25�0.21 11.88�0.06 1.04�0.17 2.7�0.3 2.05�0.22HH 19�27 1.57�0.13 10.24�0.06 1.12�0.16 2.34�0.22 4.4�0.4NGC 2071 3.12�0.24 8.94�0.07 1.44�0.18 5.0�0.4 0.41�0.03NGC 2071�North6 1.02�0.07 8.37�0.11 1.03�0.26 0.94�0.13 4.5�0.6IRAS 06291+0421 <0.3 .... .... <0.3 <0.09NGC 2264 IRS 5.09�0.23 8.22�0.12 2.7�0.3 13.2�0.4 1.42�0.04IRAS 06584�0852 <0.3 .... .... <0.3 <0.09CB 54 0.98�0.13 19.55�0.09 1.3�0.3 1.40�0.21 0.140�0.021LDN 723�mm 1.63�0.18 10.89�0.06 0.88�0.15 1.63�0.23 0.67�0.09IRAS 20050+2720 2.27�0.11 5.88�0.11 2.5�0.3 6.19�0.20 3.80�0.12S106 FIR 0.78�0.19 -1.57�0.16 1.4�0.4 1.0�0.3 0.56�0.18L1157�mm 2.24�0.17 2.64�0.06 0.84�0.12 2.00�0.21 1.12�0.12GF9�2 3.32�0.18 -2.49�0.06 0.80�0.11 2.71�0.22 1.36�0.11B361 2.3�0.3 2.76�0.10 1.5�0.3 3.5�0.4 0.28�0.03CB 232 1.00�0.11 12.39�0.07 0.99�0.15 1.10�0.15 2.7�0.4IC 1369N 1.79�0.21 0.50�0.11 2.1�0.3 4.2�0.4 1.79�0.17L1204A 1.78�0.19 -11.00�0.09 1.44�0.19 2.9�0.3 4.4�0.5L1204B 1.49�0.22 -10.56�0.10 1.39�0.22 2.2�0.3 2.9�0.4L1251A 0.75�0.13 -5.33�0.12 1.4�0.3 1.11�0.18 6.5�1.1Cepheus E 1.03�0.21 -11.05�0.11 1.01�0.24 1.0�0.3 2.2�0.7



114 Chapter 5 : CCS and NH3 emission assoiated with low-mass young stellar objetsNotes to Table 5.21Unertainties in this table are 2� for detetions. For nondetetions, upper limits are 3�.2Main beam brightness temperature.3Central VLSR and line width obtained from a Gaussian �t to the CCS line. Unertainties representthe error in the Gaussian �t.4Integrated intensity. Upper limits were alulated assuming a width equal to the mean value ofveloity width for detetions (�v ' 0.5 km s�1).5CCS olumn density obtained from Nmol = 8��33gjAji Q(Trot) R TMBdv[B�(Tex)�B�(Tbg)℄ exp(Ej=kTrot)exp(h�=kTex)�1 (optially thinapproximation), � is the frequeny of the transition, Q is the partition funtion, Ej is the energyof the upper state (1.61 K; Wolkovith et al. 1997), Trot is the rotational temperature, gj is thestatistial weight of the upper rotational level. Aji is the Einstein oeÆient for the CCS(21-10)transition (4.33 � 10�7s�1;Wolkovith et al. 1997), B(T ) is the intensity of blak-body radiation attemperature T , and Tex is the exitation temperature. Sine we only observed one CCS transition,we ould not obtain a reliable estimate of Tex and Trot; therefore, we assumed Trot=Tex= 5 K,the mean value assigned by Suzuki et al. (1992) for a large sample of young soures. We assumedthese values even for the intermediate-mass soures, sine, for instane, an inrease of 4 K in bothTex and Trot auses a hange in the CCS olumn density of only ' 45%.6Soures observed using the 384 hannel spetrometer, with a veloity resolution of 0.07 km s�1.These soures were smoothed to a �nal veloity resolution of ' 0.14 km s�1. The rest of CCStargets (observed with the 256 hannel spetrometer with a veloity resolution of 0.05 km s�1)were smoothed to a resolution of 0.10 km s�1.
Notes to Table 5.31Unertainties in this table are 2� for detetions. For nondetetions, upper limits are 3�.2Main beam brightness temperature of the main hyper�ne omponent.3Central VLSR and line width obtained from a Gaussian �t to the main line of the NH3(1,1)transition. Unertainties represent the error in the Gaussian �t.4Integrated intensity of the main hyper�ne omponent. Upper limits were alulated assuming awidth equal to the mean value of veloity width for detetions (�v ' 1.4 km s�1).5Column density obtained from Nmol = 16[1+exp(h�=kTex)℄��33gjAji Q(Trot) R TMBdv[B�(Tex)�B�(Tbg)℄ exp(Ej=kTrot)exp(h�=kTex)�1 (opti-ally thin approximation). Ej is the energy of the J;K = 1; 1 rotational level (23.4 K; Ho &Townes 1983), gj is the statistial weight of the upper sublevel involved in the inversion transition,Aji is the Einstein oeÆient of the NH3(1,1) transition (1.67 � 10�7s�1; Ho & Townes 1983).We alulated the optial depth and the exitation temperature from the relationship betweenhyper�ne omponents for eah soure. When no satellite hyper�ne line was deteted, we adoptedTex = 7:8 K, the mean Tex of all the soures. We assumed Trot = Tex.6Soures observed with a veloity resolution of 0.13 km s�1. These soures were smoothed to a�nal veloity resolution of 0.5 km s�1. The rest of the ammonia targets were observed with aveloity resolution of 0.5 km s�1.



5.3 Survey results 1155.3.1 Notes on the soures deteted in CCS5.3.1.1 L1448 RegionL1448 is a dense globule loated in Perseus. This loud ontains numerous sig-natures of mass-loss ativity (Bahiller et al. 1990b, 1995; Curiel et al. 1999) and it is aninteresting environment for studying the possibility that outows from YSOs may induenew star formation in other regions of the parental loud. Single-dish ammonia observa-tions reveal two peaks loated at the enter and at the north-east of the loud, assoiatedwith L1448C and L1448-IRS3 respetively (Anglada et al. 1989; Bahiller et al. 1990b).L1448C (Curiel et al. 1990) is atalogued as a Class 0 soure (Andr�e et al. 1993;Barsony 1994) that drives one of the most energeti and highly ollimated moleularoutows ever seen in a low-mass star forming region (Bahiller et al. 1990b). This outowreveals a strong interation with the northern material of the loud, assoiated with L1448-IRS3, the brightest far-infrared soure of the region.L1448-IRS3 is known to onsist of three individual Class 0 soures: a lose proto-binary system [L1448N(A) and L1448N(B)℄, in whih eah omponent powers its ownoutow, and a third soure, L1448 NW (Curiel et al. 1990; Terebey & Padgett 1997;Barsony et al. 1998). Barsony et al. (1998) suggested that the outow powered by L1448Cwas responsible for the formation of the proto-binary system, whose outows may, in theirturn, have produed the NW soure.We deteted CCS emission towards both L1448-IRS3 and L1448C. This is the�rst detetion of emission from this moleule reported for either of them.5.3.1.2 B1-IRSB1-IRS (IRAS 03301+3057) is a far-infrared soure loated in the Perseus OB2omplex (Bahiller et al. 1990). This soure is lassi�ed as a Class 0 soure (Hirano et al.1997), and it is assoiated with a CO moleular outow that displays a strong blueshiftedemission (Bahiller et al. 1990; Hirano et al. 1997).CCS emission at 22 GHz was deteted for the �rst time in this region by Suzukiet al. (1992). Later, Lai & Cruther (2000) observed CCS at 33.8 GHz with the BIMAinterferometer, and their maps showed a lumpy distribution surrounding B1-IRS.5.3.1.3 NGC2071-NorthNGC2071 North is loated at 200 north of the reetion nebula NGC2071 (Fukuiet al. 1986). This region hosts a CO moleular outow that lies near the soure IRAS05451+0037. Maps of the outow at di�erent angular resolution display very di�erentgeometries: a bent-U shaped outow at 1700 resolution, whih suggests strong interation



116 Chapter 5 : CCS and NH3 emission assoiated with low-mass young stellar objetswith the ambient material (Iwata et al. 1988), and overlapping blue- and redshifted emis-sion at & 5000 resolution (Iwata et al. 1988; Goldsmith et al. 1992), whih is ompatiblewith a bipolar outow whose axis lies very near the plane of the sky. IRAS 05451+0037is oinident with a CS and a NH3 peak (Goldsmith et al. 1992), and it shows the far-infrared spetrum of a T Tauri star (Iwata et al. 1988). This soure was suggested to bethe entral engine of the moleular outow (Iwata et al. 1988), although this is somewhatunertain due to the ompliated geometry of the outow.Suzuki et al. (1992) deteted CCS at 45 GHz toward this soure. In our survey,we report CCS emission at 22 GHz for the �rst time.5.3.1.4 GF9-2This soure is loated in the �lamentary quiesent dark loud GF-9 (LDN 1082),without any assoiated IRAS point soures or radio ontinuum emission (Ciardi et al.1998; Wiesemeyer et al. 1999). It was atalogued as a transitional objet between pre-stellar and proto-stellar Class 0 phase (Wiesemeyer et al. 1999), whih would turn GF-9 tobe the youngest soure in our survey. Furuya et al. (2003) deteted the presene of weakredshifted CO wing emission, and a weak H2O maser (0.3 Jy). These authors pointed outthat GF9-2 was the lowest-luminosity (0.3 L�) objet known to harbor H2O masers. Wehave deteted both CCS and ammonia emission lines toward this soure for the �rst time.5.3.1.5 L1251AL1251A (IRAS 22343+7501) is loated at the northern part of L1251, a smallelongated loud loated in Cepheus. This soure has been lassi�ed as a Class I objet(Mardones et al. 1997; Nikoli� et al. 2003) and appears to be powering the extended COoutow seen in this region (Sato & Fukui 1989), as well as an optial jet (Balazs et al.1992). Several radio ontinuum soures were disovered near IRAS 22343+7501 (Meehanet al. 1998). Reent VLA entimeter observations, reveal that this IRAS soure mayonsist of two protostellar objets, with spetral indies onsistent with thermal emission,and either of them ould be the driving soure of the CO outow (Beltr�an et al. 2001).We report CCS emission toward this soure for the �rst time.
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Figure 5.1: Spetra of CCS(21-10) transition deteted with the Robledo-70m antenna.



118 Chapter 5 : CCS and NH3 emission assoiated with low-mass young stellar objets5.4 Disussion5.4.1 The lifetime of CCS in star forming regionsThe detetion rate obtained in our survey for CCS (22% of the low-mass souresshow CCS emission) is similar to the results of Suzuki et al. (1992) in star forming regions(23% detetions). The low rate of detetion of CCS emission in star forming regionsseems to indiate that this moleule is soon destroyed after the proesses assoiated withstar formation begin. This result, together with the presene of water maser emission,allows us to roughly estimate the lifetime of CCS in low-mass star forming regions. Theassoiation of a low-mass entral soure with water maser emission typially lasts for onethird of the duration of the embedded state (Wilking et al. 1994a; Claussen et al. 1996).This embedded phase is estimated to last for ' (1 � 4) � 105 yr (Wilking et al. 1989b;Andr�e & Montmerle 1994; Chen et al. 1995). Therefore, the water maser emission lastsfor ' (0:3� 1:3)� 105 yr in low-mass star forming objets. If we assume that the regionsof our sample are homogeneously distributed in age along the ' (0:3 � 1:3) � 105 yr inwhih water maser emission is observed, our detetion rate of 6 out of 27, would indiatethat the CCS emission lasts for ' (0:7 � 3)� 104 yr after the beginning of the embeddedphase.5.4.2 Evolutionary stage of the SFRs assoiated with CCS emissionAs we mentioned in the introdution, sine the CCS moleule has been onsideredin previous works as a youth traer of moleular ores, the star forming regions assoiatedwith this emission should ontain some of the youngest YSOs. This evolutionary trendfor the CCS hemistry must be valid as a general, qualitative trend when we omparelarge groups of moleular ores, although it may not stand in a quantitative way in theomparison of partiular soures. In partiular, the results of our survey do not totallyagree with the �rst statement, sine four of the soures that host CCS emission are ata-logued as young Class 0 soures (GF9-2, L1448-IRS3, L1448C, B1-IRS), but L1251A andNGC2071-North are atalogued as more evolved YSOs. There are two possible explana-tions for these results: either the lassi�ation of the evolutionary stage of L1251A andNGC2071-North should be revised, or the partiular physial onditions and proesses ofeah soure a�et the prodution and destrution of CCS.NGC2071-North (IRAS 05451+0037) shows a far-infrared spetrum of a T Tauristar (Iwata et al. 1988). Nevertheless, there is no optial ounterpart in the POSSM prints,and no near-infrared emission in the 2MASS atalog at the position of IRAS 05451+0037,whih suggests a more embedded nature of this soure. The ompliated geometry ofthe moleular outow of the region (see subsetion 5.3.1), makes it diÆult to reliablyknow whether IRAS 05451+0037 is the real engine of the outow. In order to larify the



5.4 Disussion 119real geometry of the outow, the power soure, and its evolutionary stage, more aurateand extended observations of CO, together with submillimeter observations, are needed.In partiular, the study of possible peaks at submillimeter frequenies (typial of Class 0objets) and the measurement of the relation Lsmm/Lbol (Andr�e et al. 1993), are espeiallyimportant to eluidate the possible existene of other embedded soures in the region, andto determine their evolutionary stage.In the ase of L1251A (IRAS 22343+7501), it is assoiated with a nebulosityvisible at J, H, and K 2MASS-bands, and it is visible in POSSM plates. This soure hasbeen lassi�ed as a Class I YSO (Mardones et al. 1997; Nikoli� et al. 2003). Nevertheless,Meehan et al. (1998) disovered several radio ontinuum soures in the region near theIRAS soure, andidates to YSOs, and the CCS emission ould be assoiated with anyof these embedded soures. In this ase, higher resolution observations of CCS emissionwould be useful to study its assoiation with those soures.The seond possible explanation would be to aept that, in some ases, CCSould be assoiated with soures in a more evolved stage. This ould be the ase ifCCS emission depends not only on age, but also on the partiular phenomena related tothe star formation of eah loud. This possibility will be further pursued in Chapter 6,where a high resolution CCS study of B1-IRS is presented. As we will see there, the CCSemission ould be enhaned in the region where the outow interats with the surroundingloud medium. The outow interation with fresh low-density gaseous material that existsaround dense ores, ould squeeze this low-density gas to the higher densities needed ('105 m�3) to form this moleule and exite its line emission. This phenomenon ouldexplain the detetion of this moleule in stages more evolved than Class 0 soures. Thepossible dependene of CCS on parameters di�erent from age is disussed in next setion.5.4.3 Searh for dependenies of CCS emission on soure and loudparametersThe abundane ratio [NH3℄/[CCS℄ was proposed by Suzuki et al. (1992) to be agood indiator of loud evolution. This onlusion was based on theoretial pseudo-time-dependent alulations of the frational abundane of CCS and NH3, under onditions ofonstant H2 density and onstant gas kineti temperature. The variation of the frationalabundanes in both moleules was explained as an e�et of the evolution of the moleularlouds, with CCS more abundant in starless ores, and ammonia more abundant in regionswith signs of star formation ativity. Moreover, Suzuki et al. (1992) pointed out that thishemial evolutionary trak was insensitive to the density of H2.Nevertheless, when the olumn densities of both moleules (NNH3 and NCCS)are ompared among di�erent louds, the proposed antiorrelation disappears (Suzuki etal. 1992). In our ase, if we order the soures in whih we deteted CCS by their ratio of



120 Chapter 5 : CCS and NH3 emission assoiated with low-mass young stellar objetsderived olumn densities NNH3/NCCS , they are, from lowest to highest ratio: B1�IRS,L1448C, GF9�2, L1448�IRS3, L1251A, and NGC2071�North. If the NNH3/NCCS ratiowere dependent on the age of loud ores only, B1�IRS would then be the youngest soure,and NGC2071�North the oldest one, but our ordering does not exatly onform to anevolutionary sheme. L1251A and NGC 2071-North have indeed been proposed to be themore evolved of these six soures, but most of the CCS non-detetions seem to be youngerthan these two objets. On the other hand, we would expet GF9�2 to show the lowestNNH3/NCCS ratio, given its lassi�ation as a transitional objet between pre-stellar andprotostellar phase (Wiesemeyer et al. 1999). These disrepanies are understandable if, asSuzuki et al. (1992) suggest, the evolutionary NH3�CCS antiorrelation fades out whenusing data from di�erent soures.The absene of antiorrelation among di�erent louds was explained by Suzukiet al. (1992) as the e�et of the overlapping of individual evolutionary traks for thehemistry of louds with di�erent H2 olumn densities. For this reason, the relationshipbetween olumn densities of CCS and ammonia may not be a good quantitative indiatorof loud evolution even assuming a ommon start time. This statement has also beensuggested by Benson et al. (1998), who did not �nd statistially signi�ant di�erenesbetween star forming regions and starless ores in their CCS olumn density.Furthermore, even the abundane of CCS alone has been questioned as a goodquantitative traer of loud evolution. Lai & Cruther (2000) suggested that the abun-dane of CCS is not likely to trae the age of ontrating ores very sensitively. Moreover,in Chapter 6 we propose that CCS abundane ould be enhaned through interation witha moleular outow, whih suggests that the loal onditions and proesses within eahloud ould also inuene the CCS emission. Being evident that CCS emission does notdepend on the age of the louds only, we have searhed for other possible dependenes ondi�erent parameters. To do this, we have ompiled from the literature several parametersof the observed soures (luminosity, radio ontinuum and water maser ux densities; seeTables 5.1 and 5.4) and of their assoiated moleular outows (degree of ollimation, mass,dynamial age, mehanial luminosity, kineti energy, momentum, and momentum rate;see Table 5.4). For onsisteny, we obtained the outow parameters from single-dish ob-servations of the CO(2-1) line, when available. Otherwise, we made use of interferometriand/or data from other CO transitions.To hek whether any of these parameters of soures and outows is related in anyway with the presene of detetable CCS emission, we have tried to determine whetherthe parameters show di�erent distributions in the groups of soures with and withoutCCS emission. The appliation of a Kolmogorov-Smirnov test did not �nd any signi�antdi�erene in distribution of the soure or outow parameters.However, when we apply the same test to the harateristis of the ammonia



5.4 Disussion 121emission we measured, we �nd that the distribution of the peak ammonia intensity signif-iantly depends on CCS detetability. Interestingly, we found no signi�ant di�erene inthe distribution of integrated intensity (olumn density) of ammonia among soures withand without CCS. In a more quantitative way, the mean peak intensity of NH3 in thegroup of soures deteted in CCS is 3.3 K, while that in the group of undeteted soures is2.1 K. We found that these two means are signi�antly di�erent, using a T-test (and �rstapplying a Lilliefors test to hek that the involved variables follow a normal distribution,whih is a prerequisite for the use of the T-test).We have to be autious in interpreting this result that soures with detetableCCS emission show signi�antly brighter NH3 emission. We have assumed in our al-ulations that the �lling fator of both emissions has a value of one, whih is likely notto be true, at least in the ase of CCS, sine interferometri maps in several regionsshow its emission to be signi�antly lumpy (Velusamy et al. 1995; Lai & Cruther 2000).Therefore, the trend we have found ould be just a distane e�et sine, if the moleularemission does not �ll the Robledo beam, soures loser to us would tend to be brighterin both CCS and NH3. However, we think that the observed trend of higher peak NH3intensity in soures with CCS is due to intrinsi harateristis of the soures, rather thanto a �lling fator/distane e�et. The most important argument is that, if it were due toa distane bias, we would expet exatly the same trend for the NH3 integrated intensitybut, as mentioned above, we saw no signi�ant di�erene for this quantity between soureswith and without detetable CCS emission. On the other hand, it is not obvious that thesubset of low-mass soures with CCS emission are signi�antly loser to us than thosewithout emission (see Table 5.1).A possible e�et of di�erent �lling fators ould be to hide real orrelationsbetween soure and loud parameters and those of the moleular line emission. However,we do not think it likely that it is showing a spurious orrelation in this ase. In any ase,the impat of soure distane on �lling fators is probably not very strong, if the wholeextent of the moleular emission is larger than the telesope beam. If this is the ase, the�lling fator of a lumpy distribution, albeit lower than 1, would not hange muh withdistane if lumps were more or less uniformly distributed within the total spatial extentof the emission. In the ase of B1�IRS (see Chapter 6), CCS and NH3 VLA maps showemission ' 3 times more extended than the Robledo beam (' 4000). Ammonia maps ofthe soures sampled here are also typially larger than this beam (Jijina et al. 1999). Thelak of CCS maps in the star forming regions in whih we deteted this emission makesthe quanti�ation of their �lling fator diÆult.The fat that we �nd di�erenes in peak intensity, but not in integrated intensityan be explained if the signi�ant derease of NH3 peak intensity between soures with andwithout detetable CCS emission is somewhat ompensated by a orresponding inrease



122 Chapter 5 : CCS and NH3 emission assoiated with low-mass young stellar objetsin the NH3 line width, resulting in small di�erenes in integrated intensities. This ouldbe interpreted in evolutionary terms, sine mass-loss phenomena related to ative starforming proesses would inrease the turbulene of the surrounding interstellar medium,thus broadening the line width as these proesses progress. Therefore, younger regionswould tend to show detetable CCS emission and narrower NH3 lines. However, with ourdata we annot on�rm suh a trend for ammonia linewidths. A Kolmogorov-Smirnovtest did not �nd any signi�ant di�erene in those linewidths between soures with andwithout deteted CCS. It may still be possible that there is a di�erene, too small to bedeteted by the Kolmogorov-Smirnov test, but enough to blur the di�erenes in integratedintensity between soures with or without CCS.It is also of interest to onsider the di�erent widths of the CCS and NH3 lines forthe 6 soures deteted in the former (see Tables 5.2 and 5.3). Ammonia thermal linewidthsare a fator of ' 1:8 intrinsially broader than those of CCS, due to the di�erent masses ofthese moleules, but this thermal broadening alone annot explain the observed di�erenes.In the most extreme ases, L1448�IRS3 and GF9�2, the NH3 line is more than 3 timesbroader than the CCS one. This is onsistent with both lines traing di�erent regions ofgas, with di�erent kinematis. The narrower CCS lines would trae more quiesent gas,with less turbulene or veloity gradients. B1-IRS is the soure in whih both linewidthsare more similar, but, as we will see in Chapter 6, the CCS-emitting gas shows in thissoure evidene of interation with the moleular outow, with lear veloity gradients,whih makes CCS lines wider. Apart from B1-IRS, the soure with the most similarlinewidths is L1448C, a soure with an energeti moleular outow. This ould suggestthat the gas traed by CCS in this region may also be signi�antly interating with themoleular outow. In this ontext, the soure GF9-2 would be the youngest soure, inagreement with the transitional prestellar-protostellar lassi�ation made by Wiesemeyeret al. (1999).We point out that these results must be onsidered arefully, sine they are basedon a small sample of regions showing CCS emission. The lak of statistially signi�ant re-sults for the soure and outow parameters indiates that CCS emission ould be sensitiveto the loal temperature and density onditions of eah loud, or to �lling fator/distanee�ets. Moreover, we must take into aount that the outow and soure parameters wereobtained from di�erent instruments, and that on the other hand, the number of CCSdetetions is small, whih would mask possible orrelations. We obviously need to widenthis study to inlude more star forming regions assoiated with CCS emission. Moreover,obtaining a homogeneous set of observations of outows and soure parameters (obtainedwith the same telesope for all soures) would be useful for improving our statistial study.While suh studies will require a large amount of telesope time, it is not possible to ir-umvent the fat that gas and dust in SFRs have very low surfae brightness.
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Table 5.4: Parameters of outows and souresSoure R1 Mout2 t3 LCO4 P5 F6 Ekin7 S6m8 S3:6m9 SH2O10 Referenes11(M�) (104 yr) (L�) (M�km s�1) (10�4) (1038J) (mJy) (mJy) (Jy)L1287 2.00 2.5 11.0 0.06 13.20 1.2 0.79 <0.3 0.35 26.6 87,78,58,80,33L1448�IRS3 2.00 0.013 0.26 0.32 0.3 1.2 0.1 0.92 1.19 729 6,12,70,23,84,3L1448C 5.40 0.059 0.36 1.3 1.6 4.5 0.56 0.062-0.17 0.23 '120 6,12,70,23,14,84,17RNO 15 FIR .... 0.027 3.1 0.0029 0.124 0.04 0.013 <0.24 <0.12 202.4 27,57,84,100IRAS 2A .... 0.0287 0.9 0.0157 0.1650 0.24 0.0129 0.06 0.25 10.5 49,75,79,33HH 6 .... 0.038 0.57 0.0162 0.173 0.31 0.0105 0.48 0.83 70 49,47,75,46,41B1�IRS .... 0.0007 �0.1 0.016 0.01 �0.1 0.0018 .... .... 20 7,42,33T TAU�South 1.00 0.44 0.98 0.17 1.7 1.7 0.2 4.7 4.8 25 14,85,48L1534B 2.30 0.008 0.6 0.001 0.024 0.04 0.0007 0.23 0.14 444.2 92,54,93,103,100L1641-North 2.00 1.6 1.4 0.15 9.3 6.6 0.57 0.48 0.6 66 102,32,4,19HH 1 5.20 0.0011 0.1 0.17 0.0458 0.5 0.01994 0.55 0.53 5.3 39,22,76,18,33AFGL 5157 2.60 7.6 19 0.09 37.1 2 2 1.0 0.80 115 88,87,62,15,68Haro4�255 2.10 0.72 5.0 0.12 .... .... .... <0.32 0.43 15 56,31,4,19L1641�S3 2.00 0.38 0.99 1.1 7.0 7 1.3 1.23 0.80 8.9 99,64,65,46,33NGC 2024 FIR 5 15 1.6 1.4 2.0 20.00 14 3.4 .... 0.11 26.6 73,72,16,77,33HH 212 7.00 0.2 .... .... .... .... .... .... 0.04 300 53,34,19B35A 2.30 0.86 18.0 0.0029 2.0 0.11 0.064 0.2 .... 62 67,9,93,19HH 19�27 .... 2.1 20.0 0.021 6.90 0.35 0.5 .... .... 40 29,35,69,40NGC 2071 3.70 9.7 1.6 4.0 81.4 51.0 8.0 7.9 12.33 6521 89,38,86,94,59,30NGC 2071�North 2.30 5.0 17 0.2 45 2.6 3 .... .... 2.5 45,33IRAS 06291+0421 1.20 13.0 7.3 0.78 103.0 17.0 7.0 .... .... 12.9 102,100NGC 2264 IRS 1.00 7.20 1.1 25.0 150.0 .... .... 1.4 0.62 44.18 55,56,71,98,94IRAS 06584�0852 .... .... .... .... .... .... .... <0.45 .... 14.4 60,61,68CB 54 5.00 0.75 2.8 0.077 4.4 1.6 0.26 0.2 0.2 49.3 104,96,63,105,Table 3.2L260 .... .... .... .... .... 0.003 .... .... .... 199.5 66,12,37IRAS 18265+0028 .... .... .... .... .... .... .... .... .... 60 68,13Serpens FIRS 1 .... 1.8 3 0.6 9 3 2.17 2.7 2.8 54 28,44,24,33LDN 723�mm 4.10 0.5 3 0.1 5.0 1.6 0.53 0.28 0.36 75.1 36,25,2,84,33IRAS 20050+2720 .... 1.7 4.5 16.0 25.4 50.0 7.65 .... 1.4 37.7 98,5,18,33S106 FIR .... .... .... .... .... .... .... 4.8 14.9 20.7 74,8,50,33L1157�mm .... 0.18 2.1 0.03 1.1 0.5 0.076 0.15 0.18 19.7 26,95,57,84
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Table 5.4: (ontinued).Soure R1 Mout2 t3 LCO4 P5 F6 Ekin7 S6m8 S3:6m9 SH2O10 Referenes11(M�) (104 yr) (L�) (M�km s�1) (10�4) (1038J) (mJy) (mJy) (Jy)GF9�2 .... .... .... .... .... .... .... .... <0.1 0.3 33,97B361 .... >0.025 2.4 >0.00043 >0.055 >0.024 >0.0013 <0.09 <0.06 14 9,101,57,19CB 232 2.80 0.44 3.4 0.026 2.2 0.7 0.11 .... .... 46.6 104,21,43,Table 4.2IC 1369N 2.90 0.3 3.0 0.02 1.2 0.4 0.05 <0.5 0.27 139.4 91,10,98,13L1204A .... 0.5 .... .... 3.2 .... 0.2 <0.45 <0.2 262.7 102,61,94,46,100L1204B .... .... .... .... .... .... .... .... .... 22.2 30,13L1251A 1.60 1.95 13.6 0.042 11.7 0.86 0.69 0.22 0.24 22 81,11,19L1251B .... 0.116 2.3 0.039 1.14 0.50 0.111 0.84 1.34 72.13 81,4,103,33Cepheus E 3.80 0.21 4.0 .... 1.74 .... .... .... .... 14.6 51,18,33Notes to Table 5.41Collimation fator of the moleular outow (see e.g., Wu et al. 2004 and referenes therein for a de�nition of this and the rest of outow parameters).2Mass of the outow.3Dynamial time of the outow.4Mehanial luminosity of the outow.5Momentum of the outow.6Driving fore or momentum rate of the outow, in M�km s�1year�1 .7Kineti energy of the outow.8Radio ontinuum ux density at 6 m.9Radio ontinuum ux density at 3.6 m.10Maximum water maser ux density reported in the literature.11REFERENCES:(1) Anglada & Rodr��guez 2002; (2) Anglada et al. 1996b; (3) Anglada et al. 1989; (4) Anglada et al. 1998 (5) Bahiller et al. 1995; (6) Bahiller et al. 1990b; (7) Bahiller et al.1990; (8) Bally & Predmore 1983; (9) Beihman et al. 1986; (10) Beltr�an et al. 2002; (11) Beltr�an et al. 2001; (12) Bontemps et al. 1996; (13) Brand et al. 1994; (14) Cabrit &Bertout 1992; (15) Carpenter et al. 1990; (16) Chandler & Carlstrom 1996; (17) Chernin 1995; (18) Chini et al. 2001; (19) Claussen et al. 1996; (20) Codella & Bahiller 1999;(21) Codella & Muders 1997; (22) Correia et al. 1997; (23) Curiel et al. 1990; (24) Curiel et al. 1993; (25) Davidson 1987; (26) Davis & Eisloe�el 1995; (27) Davis et al. 1997a;(28) Davis et al. 1999; (29) Edwards & Snell 1984; (30) Felli et al. 1992; (31) Fukui et al. 1989; (32) Fukui et al. 1988; (33) Furuya et al. 2003; (34) Galv�an-Madrid et al. 2004;(35) Gibb & Little 2000; (36) Goldsmith et al. 1984; (37) Han et al. 1998; (38) Harvey et al. 1979; (39) Harvey et al. 1986; (40) Hashik et al. 1983; (41) Henkel et al. 1986;(42) Hirano et al. 1997; (43) Huard et al. 1999; (44) Hurt & Barsony 1996; (45) Iwata et al. 1988; (46) Jenness et al. 1995; (47) Jennings et al. 1987; (48) Knapp & Morris 1976;(49) Knee & Sandell 2000; (50) Kurtz et al. 1994; (51) Ladd & Hodapp 1997; (52) Launhardt et al. 1997; (53) Lee et al. 2000; (54) Luas et al. 2000; (55) Margulis et al. 1988;(56) Margulis et al. 1989; (57) Meehan et al. 1998; (58) MCutheon et al. 1991; (59) Mithell et al. 2001; (60) Molinari et al. 2000; (61) Molinari et al. 1998; (62) Molinari etal. 2002; (63) Moreira et al. 1997; (64) Morgan et al. 1990; (65) Mundy et al. 1993; (66) Myers et al. 1987; (67) Myers et al. 1988; (68) Persi et al. 1994; (69) Phillips et al.2001; (70) Reipurth et al. 2002; (71) Reipurth et al. 2004; (72) Riher et al. 1992; (73) Riher et al. 1989; (74) Riher et al. 1993; (75) Rodr��guez et al. 1999; (76) Rodr��guez etal. 2000; (77) Rodr��guez et al. 2003; (78) Rodr��guez et al. 2002; (79) Sandell & Knee 2001; (80) Sandell & Weintraub 2001; (81) Sato et al. 1994; (82) Sappini et al. 1991; (83)Shwartz et al. 1988; (84) Shirley et al. 2000; (85) Skinner & Brown 1994; (86) Snell & Bally 1986; (87) Snell et al. 1990; (88) Snell et al. 1988; (89) Snell et al. 1984; (90) Su etal. 2004; (91) Sugitani et al. 1989; (92) Terebey et al. 1990; (93) Terebey et al. 1992; (94) Tofani et al. 1995; (95) Umemoto et al. 1992; (96) Wang et al. 1995; (97) Wiesemeyeret al. 1999; (98) Wilking et al. 1989a; (99) Wilking et al. 1990; (100) Wouterloot et al. 1993; (101) Wu et al. 1992; (102) Wu et al. 2004; (103) Young et al. 2003; (104) Yun &Clemens 1994a; (105) Yun et al. 1996



5.4 Disussion 1255.4.4 Prospets for future interferometri observationsThere is not yet a theoretial hemial model that inludes the e�ets of a entralprotostar and explains how they a�et CCS and ammonia formation and destrution. Highresolution observations of CCS and ammonia in star forming regions an provide the dataagainst whih suh models ould be tested.All of these six soures are intrinsially interesting for detailed interferometriobservations, although B1-IRS seemed, in priniple, the most interesting andidate toperform interferometri observations with the VLA, sine a umply distributions has al-ready been observed with high-resolution observations at 33.8 GHz (Lai & Cruther 2000),and it is the most intense detetion of our survey. Suh interferometri observations havebeen arried out in this thesis, and will be presented in next hapter.We propose that the rest of the detetions in this survey are good andidatesfor high angular resolution observations, to ompare with and to understand better theresults obtained in B1-IRS. Also, L1448C and L1448-IRS3 are espeially appropriate forstudying the suggested assoiation between the CCS and the moleular outow, sinethis region hosts energeti and ollimated moleular outows. Moreover, this region isa good environment for studying outow-indued star formation. In GF9-2, it would beinteresting to study the CCS and the ammonia distribution in a young objet transitionalbetween pre-stellar and protostellar Class 0 soure. NGC2071-North and L1251A are goodprospetive sites for making high-resolution observations of CCS in regions lassi�ed asmore evolved (in whih very few suh observations have been made), or to try to revealwhether there is a younger objet driving their respetive moleular outows.



126 Chapter 5 : CCS and NH3 emission assoiated with low-mass young stellar objets5.5 ConlusionsWe presented a single-dish survey of CCS and NH3 emission at 1 m, arried outwith NASA's 70 m antenna at Robledo, toward a sample of low- and intermediate-massyoung star forming regions that are known to harbor water maser emission. Our aimwas to �nd the best andidates for a VLA high resolution study of the kinematial andphysial properties of young Class 0 objets, to searh for the youngest protostars, and todetermine the relationship between CCS and NH3 in star forming regions. Our generalonlusions are the following:� We have deteted six low-mass soures that show CCS emission, out of a sample of 40star forming regions assoiated with water maser emission. Four of these (L1448C,L1448-IRS3, GF9-2, and L1251A) had not been previously deteted in any CCStransition, another one (NGC 2071-North) has been deteted for the �rst time withthe CCS line at 1 m, while the other one (B1-IRS) had already been reported toshow CCS emission in this and other transitions. All our CCS detetions also showammonia emission.� From the CCS detetion rate, and the duration of the water maser emission in low-mass star forming regions, we derive a lifetime of this moleule of ' (0.7�3) � 104yr in these regions, after the beginning of the embedded phase.� Three of the six soures deteted in CCS are atalogued as Class 0 protostars (L1448-IRS3, L1448C and B1-IRS), one ould be a transitional objet between pre-stellarand protostellar Class 0 stage (GF9-2), and the last two soures (NGC2071-Northand L1251A) are atalogued as more evolved, a young T Tauri and a Class I soure,respetively. Sine CCS is onsidered an early-time moleule, to explain the CCSdetetions in more evolved objets, we speulate with two possibilities: either thelassi�ation of NGC2071-North and L1251A should be revised, or the star formationativity and the physial properties of eah loud ould inuene in the produtionand destrution of the CCS moleules.� We did not �nd any statistially signi�ant trend that may relate the presene ofCCS emission with di�erent parameters of the moleular outows or the entralsoures of these star forming regions.� We found that the distribution and mean of the peak intensity of NH3 in the groupof soures deteted in CCS are signi�antly di�erent from those in the group ofundeteted ones, with the ammonia mean peak intensity higher in regions with CCS.However, no signi�ant di�erene is found with respet to the integrated intensity ofNH3. Stronger NH3 peak line intensities with indistinguishable integrated intensities



5.5 Conlusions 127suggests that the lines are narrower and the emitting regions less turbulent (i.e.younger), although this remains to be on�rmed observationally.� The linewidths of the CCS and NH3 lines are notieably di�erent, with CCS beingthree times narrower in some ases. This suggest that emission from these linesarises from gas with di�erent kinematial properties within the telesope beam. Theases with more similar widths (B1-IRS and L1448C) may trae strong interationsbetween moleular outows and the CCS-emitting gas.



128 Chapter 5 : CCS and NH3 emission assoiated with low-mass young stellar objets5.5.1 ConlusionesSe presenta una b�usqueda de emisi�on de CCS y NH3 a 1 m on antena �unia,llevada a abo on la antena de 70 m de NASA situada en Robledo, sobre una muestra deregiones de formai�on estelar j�ovenes de masa baja o intermedia on emisi�on onoida dem�aseres de agua. Nuestro objetivo prinipal ha sido enontrar a los mejores andidatospara realizar un estudio de alta resolui�on on el VLA de las propiedades inem�atias yf��sias de objetos de lase 0 j�ovenes, busar las protoestrellas m�as j�ovenes y determinar larelai�on entre el CCS y el NH3 en regiones de formai�on estelar. Las onlusiones generalesson las siguientes:� Se han detetado seis regiones de masa baja que muestran emisi�on en CCS, dentrode una muestra de 40 regiones de formai�on estelar on presenia de m�aser de agua.Cuatro de ellas (L1448C, L1448-IRS3, GF9-2 y L1251A) no hab��an sido detetadaspreviamente en ninguna transii�on de CCS, otra (NGC 2071-North) ha sido dete-tada aqu�� por primera vez a 1 m, mientras que B1-IRS hab��a sido publiada omoemisora de CCS en esta y otras transiiones. Todas nuestras deteiones en CCSmuestran tambi�en emisi�on en amoniao.� A partir de la tasa de detei�on de CCS y de la fase de durai�on de la emisi�on dem�aseres de agua en regiones de formai�on estelar de masa baja, inferimos un tiempode vida de esta mol�eula de ' (0.7�3) � 104 a~nos en este tipo de regiones, tras elomienzo de la fase embebida.� Tres de las seis fuentes detetadas en CCS est�an atalogadas omo protoestrellasde lase 0 (L1448-IRS3, L1448C y B1-IRS), otra podr��a ser un objeto de transii�onentre un estado pre-estelar y una protoestella de lase 0 (GF9-2), y las dos fuentesrestantes (NGC2071-North y L1251A) est�an atalogadas omo m�as evoluionadas,omo una joven estrella T Tauri y una fuente de lase I respetivamente. Ya queel CCS est�a onsiderado omo una mol�eula temprana, para expliar la asoiai�onde CCS on objetos m�as evoluionados proponemos dos posibilidades: o bien lalasi�ai�on de NGC2071-North y L1251A deber��a ser revisada, o bien la atividadde la formai�on estelar y las propiedades f��sias de ada fuente podr��an inuir en laprodui�on y destrui�on de las mol�eulas de CCS.� No se enuentra ninguna tendenia estad��stiamente signi�ativa que relaione lapresenia de emisi�on de CCS on distintos par�ametros de los ujos moleulares o delas fuentes entrales de estas regiones de formai�on estelar.� Enontramos que la distribui�on y la media de los m�aximos de intensidad de amon��aoen el grupo de fuentes detetadas en CCS son signi�ativamente diferentes ompara-das on las del grupo de no deteiones, on una media de intensidad m�axima de



5.5 Conlusions 129amoniao mayor en regiones on CCS. Sin embargo, no se enuentra ninguna diferen-ia signi�ativa en los valores de intensidades integradas del amon��ao. Intensidadesm�aximas de amoniao m�as intensas on intensidades integradas similares sugierenl��neas de emisi�on m�as estrehas y regiones emisoras menos turbulentas (es deir, m�asj�ovenes), aunque esto neesita ser on�rmado observaionalmente.� La anhura de las l��neas de CCS y NH3 son notablemente diferentes, siendo lasde CCS tres vees m�as estrehas en algunos asos. Esto sugiere que la emisi�on deestas l��neas proviene de gas on diferentes propiedades inem�atias dentro del hazdel telesopio. Los asos on anhuras m�as pareidas (B1-IRS and L1448C) podr��antrazar una interai�on fuerte entre los ujos moleulares y el gas emisor en CCS.
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Chapter 6Study of the moleularenvironment of the lass 0 soureB1-IRSIn this hapter we present VLA observations of NH3 and CCS thermal lines, aswell as H2Omaser emission at 1 m from the star-forming region B1-IRS with' 5" (=1750AU) of angular resolution. We have arried out these observations to derive informationabout the spatial distribution and kinematis of the proesses taking plae in the viinityof this star forming region, as well as the time-dependent hemistry. We reported for the�rst time a spatial antiorrelation between CCS and ammonia emission at suh a high-angular resolution. We also suggest for the �rst time the possibility that CCS abundaneis enhaned via shok-indued hemistry.6.1 B1-IRS: Our best andidate for high-resolution studiesThe far-infrared soure B1-IRS (IRAS 03301+3057) is one of the few souresknown to exhibit both CCS and water maser emission in the studies by Suzuki et al.(1992), Furuya et al. (2001), and Chapter 5 of this thesis. This is a Class 0 soure (Hiranoet al. 1997) loated in the Perseus OB2 omplex at a distane of 350 p (Bahiller et al.1990). The B1 loud ontains a large amount of moleular gas, as shown by the strongC18O(1{0) emission deteted by Bahiller & Cerniharo (1984). There is no optiallyvisible ounterpart of B1-IRS, but 850 miron dust ontinuum emission has been detetedby Matthews & Wilson (2002) using SCUBA. There are two ompat SiO lumps in theviinity of B1-IRS (Yamamoto et al. 1992), and blueshifted CO(1{0) emission observed byHirano et al. (1997), who suggested the presene of a pole-on moleular outow. The SiOlumps are loated at the interfae between the CO outow and the dense gas traed by



132 Chapter 6 : Study of the Moleular Environment of the Class 0 Soure B1-IRSthe C18O, suggesting that the outow, probably driven by the IRAS soure, is interatingwith the surrounding medium, thus yielding the SiO emission through shoks.In Chapter 5, we proposed this soure as the most interesting andidate to bestudied at high-resolution, sine it showed the most intense CCS emission, and the lumpydistribution of this moleule was already deteted at 33.8 GHz with BIMA (Lai & Cruther2000). In this work, we have used the VLA to study the properties of the CCS, NH3, andwater maser emission from B1-IRS, in order to obtain information about its irumstellardynamis and stage of evolution. The rest frequenies of the CCS and H2O transitions aresuÆiently lose together that they an be observed simultaneously with the VLA, alsoo�ering the possibility of using the water masers to trak tropospheri phase utuations,if the masers are strong enough. Unfortunately this was not the ase at the time of theobservations presented here, but the atmosphere was in any ase very stable.This hapter is strutured as follows: in x6.2 we desribe our observations anddata redution proedure, as well as the analysis of VLA arhive data. In x6.3 we presentour observational results (morphology and physial parameters), whih are then disussedin x6.4. We summarize our onlusions in x6.5.6.2 Observations and data proessingSimultaneous observations of the JN=21-10 transition of CCS and the 616-523transition of H2O were arried out on 2003 April 4 using the VLA in its D on�guration.The phase enter of these observations was R.A.(J2000) = 03h33m16s:3, De(J2000) =31o0705100. We used the four IF spetral line mode, with two IFs for eah moleulartransition, one in eah of right and left irular polarizations. For the CCS observationswe sampled 128 hannels over a bandwidth of 0.781 MHz entered at VLSR = 6:8 km s�1,with a veloity resolution of 0.082 km s�1. Water maser observations were obtainedusing 64 hannels over a 3.125 MHz bandwidth entered at VLSR = 15:7 km s�1, with0.66 km s�1 veloity resolution. The total on-soure integration time was ' 7.5 hours.Our primary alibrator was 3C48, for whih we adopted a ux density of 1.1253 Jy (atthe CCS frequeny) and 1.1315 Jy (at the H2O frequeny) using the latest VLA values(1999.2). The soure 3C84 was used as phase and bandpass alibrator (bootstrapped uxdensity = 11.80�0.14 Jy at the CCS frequeny and 11.65�0.14 Jy at the H2O frequeny).Calibration and data redution were performed with AIPS.CCS data were redued applying spetral Hanning smoothing and natural weight-ing of the visibilities, to improve the signal-to-noise ratio. The �nal veloity resolution is0.16 km s�1 and the synthesized beam is 400:33 � 300:30 (P.A = �79o:2). Water maser mapswere produed using a \robust" weighting (Briggs 1995) of 0, to optimize a ombinationof both angular resolution and sensitivity. The synthesized beam obtained was 300:29 �



6.2 Observations and data proessing 133200:73 (P.A = 87o:9).In order to ompare our water maser results with those at other epohs, we alsoretrieved earlier H2O data from the VLA arhive. These observations were arried outon 1998 Otober 24 and 1999 February 26, in CnB and CD on�guration respetively, forprojet AF354. These data have been published by Furuya et al. (2003). Both sets ofobservations were made in the 1IF spetral line mode, in right irular polarization only,with a bandwidth of 3.125 MHz entered at VLSR = 0 km s�1, and sampled over 128hannels, thus providing a veloity resolution of 0.33 km s�1. The phase enter of theseobservations was R.A.(J2000) = 03h33m16s:030, De(J2000) = 31o0703400:05. The time onsoure was ' 3 minutes in 1998 and ' 13 minutes in 1999. In both epohs 3C48 was usedas primary ux alibrator, with an assumed ux density of 1.1313 Jy and 1.1315 Jy forthe 1998 and 1999 observations respetively (adopting the latest 1999.2 VLA values). Theseondary alibrator was 0333+321, with a bootstrapped ux density of 1.66�0.10 Jy forthe 1998 observations and 1.67�0.03 Jy for the 1999 observations. The water masers werestrong enough during these earlier observations to enable self-alibration, after refereningthe maser positions to 0333+321. Images were made with the robust parameter set to 0,giving synthesized beams of 000:91� 000:38 (P.A. = 81o:7) and 300:05� 100:16 (P.A. = 68o:8) forthe 1998 and 1999 data respetively.We have also proessed VLA arhive data of the NH3(1,1) inversion transition.The observations were made on 1988 August 13 for projet AG265, in the D on�guration.The total bandwidth was 3.125 MHz, entered at VLSR = 6:1 km s�1 and sampled by 128hannels, whih provided a veloity resolution of 0.33 km s�1. Both right and left irularpolarizations were obtained. The phase enter of these observations was R.A.(J2000) =03h33m16s:337, De(J2000) = 31o0705100:03. The total time on soure was ' 2 h. The soure3C48 was used as the primary ux alibrator, with an adopted ux density of 1.0542 Jy(1999.2 values). The phase alibrator was 3C84 (bootstrapped ux density = 38.0�1.5Jy). Sine the NH3 emission was faint and extended, we proessed the data using naturalweights and a uv-taper of 20 k�, to improve the sensitivity to the extended emission. Theresulting synthesized beam is 800:62 � 700:76 (P.A. = �75o:5). The size of the VLA primarybeam at the frequenies orresponding to the CCS, H2O, and NH3 transitions ('22-24GHz) is ' 20.To have an estimate of the missing ux density due to the lak of short spa-ings of the VLA, we have obtained single-dish spetra of both CCS and NH3 towardsthe position R.A.(J2000) = 03h33m16s:3, De(J2000) = 31o0705100, with the NASA's 70m antenna (DSS-63) at Robledo de Chavela, Spain, at the same frequenies as the VLA.Observations were made in frequeny swithing mode, using the SDS 256-hannel auto-orrelator spetrometer. The CCS observations (already presented as part of the surveyin Chapter 5) were performed in six time slots between 2002 August and 2003 July with



134 Chapter 6 : Study of the Moleular Environment of the Class 0 Soure B1-IRSa total integration time of 60 minutes and an average system temperature of ' 80 K. Weused a bandwidth of 1 MHz (veloity resolution = 0.05 km s�1). The NH3 observationswere arried out during 2003 July, with an average system temperature of ' 60 K. Theon-soure integration time was 40 minutes. To detet all the hyper�ne lines we used abandwidth of 10 MHz (veloity resolution = 0.5 km s�1). The rms pointing auray ofthe telesope was better than 900. All the single-dish data redution was arried out usingthe CLASS pakage.In addition to the radio data, we have retrieved a K-band image from the TwoMiron All Sky Survey (2MASS), to obtain a better position for the infrared soure. Thisimage was smoothed with a 500 Gaussian (FWHM), to searh for low surfae-brightness,extended emission.6.3 Results6.3.1 The infrared soureThe 2-�m map obtained from the 2MASS arhive, and onvolved with a 500Gaussian (Fig. 6.1), shows a point soure, designated 2MASS J03331667+3107548, atR.A.(J2000) = 03h33m16s:678, De(J2000) = 31o0705400:88 (2� absolute position error '000:22). This position is ' 600 away from the IRAS atalog position, R.A.(J2000) =03h33m16s:3, De(J2000) = 31o0705100, but well within the error ellipsoid (2� error axes =4800�1400) of the latter. In what follows, we will onsider the position of the 2MASS pointsoure as the loation of the entral soure of B1-IRS. We also �nd extended 2 �m infraredemission elongated to the south west of the point soure, with position angle ' �120o,suggestive of a reetion nebula.

Figure 6.1: 2MASS K-band image onvolved with a 500 Gaussian. Contours represent 90%,75%, 60%, 45%, 30%, and 15% of the peak emission (the soure magnitude is K = 14.208�0.122,measured by 2MASS). Crosses and open irles in the lose-up of the infrared emission (rightpanel) represent the struture of red and blueshifted water masers respetively, obtained in theApril 2003 observations and saled by their relative position unertainty.



6.3 Results 1356.3.2 The water masersOur water maser observation on April 2003 shows a omplex spetral pattern inwhih it is diÆult to single out di�erent emission features. Our analysis of morphologyand kinematis of the emission is based on its loation at the di�erent veloity hannelssampled. The positions shown in Table 6.1 were determined by �tting two-dimensionalGaussian to the maser emission deteted at eah hannel. Most of the emission is redshiftedwith respet to the loud veloity (VLSR = 6:3 km s�1; Hirano et al. 1997) with LSRveloities between 9.1 and 23.6 km s�1, although three hannels are blueshifted, with LSRveloities between 2.5 and 3.8 km s�1. The maximum ux density was ' 15.4�1.6 mJy atVLSR = 17.7 km s�1, two orders of magnitude weaker than in the earlier epohs reported byFuruya et al. (2003). The maser emission at eah veloity hannel is spatially unresolved,but when we plot the position of the emission for all of them (see Fig. 6.2), an elongatedstruture an be seen, with a length of ' 100:3 ('455 AU) and P.A. ' �120o. Sine the sizeof the struture is larger than the typial positional auray for eah individual hannel(Table 6.1), we believe that the overall morphology is real.

Figure 6.2: Positions of water maser emission for all veloity hannels observed towards B1-IRSat di�erent epohs. Open pentagons, �lled squares, and rosses represent the maser emission ateah di�erent hannel, observed in Otober 1998, February 1999, and April 2003, respetively. Theposition o�sets are relative to the 2 miron point soure, whih is represented by a �lled triangle.The northernmost maser spot shown in Fig. 6.1 is out of the sale in this plot.



136 Chapter 6 : Study of the Moleular Environment of the Class 0 Soure B1-IRSWe have ompared our new data with those obtained in 1998 Otober and 1999February by Furuya et al. (2003). The maser positions for those epohs are shown inFig. 6.2, and in Tables 6.2 and 6.3. The same elongated distribution is evident. In theseearlier data sets all maser emission is redshifted with respet to the loud veloity. We notethat there is a disrepany of ' 2300 between the positions of the 1998 Otober maserspresented here and the positions reported in Table 3 of Furuya et al. (2003) using thesame data. The loation of the emission is similar for all three epohs, taking into aounttheir mean absolute positional unertainties (' 000:3, 000:16, and 000:04 for 2003 April, 1999February and 1998 Otober respetively). Therefore we are on�dent that our positionsare orret.The water maser emission is loated at a distane � 100 (350 AU) from the 2�msoure, suggesting that this is the enter of ativity of the region. Considering an averageLSR veloity of ' 14.0 km s�1 of the maser emission, i.e., ' 7.7 km s�1 redshifted withrespet to the loud veloity (6.3 km s�1), and a mean distane of 0.005 from the entralsoure, the entral mass needed for the water masers to be gravitationally bound is ' 12M�. However, B1-IRS is a low luminosity protostar (L ' 2:8 L�, Hirano et al. 1997), andit is unlikely to be muh more massive than ' 1 M�. These results strongly suggest thatthe masers are traing mass loss motions rather than bound motions in a irumstellardisk. Table 6.1: Water maser emission on 2003 April 04Right Asension1 Delination1 Position 2;3 Flux density 2 VLSR4(J2000) (J2000) unertainty (00) (mJy) (km s�1)03 33 16.62 31 07 54.6 0.3 4.3�1.6 9.103 33 16.629 31 07 54.89 0.17 7.3�1.7 3.803 33 16.63 31 07 54.3 0.3 4.9�1.7 19.003 33 16.63 31 07 54.6 0.3 3.9�1.7 22.303 33 16.636 31 07 54.58 0.17 7.1�1.7 10.403 33 16.64 31 07 54.3 0.4 3.2�1.7 22.903 33 16.641 31 07 54.88 0.13 9.7�1.6 14.403 33 16.643 31 07 54.98 0.13 9.3�1.6 11.703 33 16.648 31 07 55.06 0.09 13.1�1.6 15.003 33 16.650 31 07 54.89 0.14 8.6�1.6 18.303 33 16.65 31 07 54.9 0.3 4.7�1.7 16.403 33 16.656 31 07 54.88 0.09 14.7�1.7 12.403 33 16.657 31 07 55.01 0.08 15.4�1.6 17.703 33 16.659 31 07 55.02 0.16 7.8�1.7 3.203 33 16.659 31 07 55.17 0.19 6.4�1.6 11.1



6.3 Results 137Table 6.1: (ontinued)Right Asension1 Delination1 Position 2;3 Flux density 2 VLSR4(J2000) (J2000) unertainty (00) (mJy) (km s�1)03 33 16.665 31 07 55.09 0.17 6.9�1.6 9.803 33 16.666 31 07 55.15 0.12 10.6�1.6 13.703 33 16.670 31 07 54.99 0.10 12.3�1.7 13.103 33 16.67 31 07 55.2 0.3 3.6�1.7 2.503 33 16.68 31 07 56.3 0.3 4.0�1.6 23.603 33 16.684 31 07 54.92 0.12 7.1�1.7 17.003 33 16.684 31 07 55.02 0.13 9.2�1.6 15.703 33 16.70 31 07 55.1 0.3 4.1�1.6 19.7Notes to Table 6.11Units of right asension are hours, minutes, and seonds. Units of delination are degrees, arminutes, andarseonds.2Unertainties are 2�.3Relative position unertainties with respet to the phase enter. The absolute position error of the phaseenter is � 000:28.4Veloity of maser emission.
Table 6.2: Water maser emission on 1998 Otober 24Right Asension1 Delination1 Position 2;3 Flux density 2 VLSR4(J2000) (J2000) unertainty (00) (mJy) (km s�1)03 33 16.6493 31 07 55.049 0.024 440�80 15.103 33 16.6498 31 07 55.039 0.020 570�90 14.803 33 16.6504 31 07 55.080 0.017 750�100 14.503 33 16.6509 31 07 55.061 0.019 560�80 14.203 33 16.651 31 07 55.10 0.03 610�90 13.803 33 16.6538 31 07 55.062 0.009 2300�300 16.103 33 16.654 31 07 55.04 0.03 360�70 13.503 33 16.6591 31 07 55.067 ....5 2800�300 15.803 33 16.6593 31 07 55.069 0.011 970�130 15.503 33 16.661 31 07 55.06 0.15 1050�140 16.503 33 16.667 31 07 55.11 0.07 130�60 16.8Notes to Table 6.21Units of right asension are hours, minutes, and seonds. Units of delination are degrees, arminutes, andarseonds.2Unertainties are 2�.3Relative position unertainties with respet to the referene feature used for self-alibration4Veloity of maser emission.5Referene feature. Absolute position error � 000:021



138 Chapter 6 : Study of the Moleular Environment of the Class 0 Soure B1-IRSTable 6.3: Water maser emission on 1999 February 25Right Asension1 Delination1 Position 2;3 Flux density 2 VLSR4(J2000) (J2000) unertainty (00) (mJy) (km s�1)03 33 16.591 31 07 54.91 0.16 137�23 19.103 33 16.628 31 07 54.69 0.14 118�20 12.803 33 16.636 31 07 55.11 0.25 57�27 20.103 33 16.641 31 07 54.95 0.04 352�24 15.103 33 16.641 31 07 54.96 0.04 362�21 13.203 33 16.646 31 07 55.00 0.05 36�30 17.403 33 16.646 31 07 55.07 0.13 142�22 18.103 33 16.6465 31 07 55.017 0.014 1180�50 17.103 33 16.647 31 07 55.02 0.16 152�23 18.403 33 16.6470 31 07 55.006 ....5 6500�230 15.803 33 16.6481 31 07 55.021 0.003 6010�220 16.103 33 16.6481 31 07 55.026 0.007 2090�80 15.503 33 16.6483 31 07 55.013 0.006 2810�100 16.503 33 16.649 31 07 54.99 0.04 410�30 13.503 33 16.649 31 07 55.03 0.06 236�23 13.803 33 16.6493 31 07 55.017 0.008 1810�70 16.803 33 16.65 31 07 55.1 0.3 45�24 19.803 33 16.653 31 07 54.95 0.17 98�23 17.803 33 16.660 31 07 55.04 0.10 169�23 14.203 33 16.66 31 07 55.3 0.4 27�20 11.203 33 16.663 31 07 55.08 0.13 17�30 19.403 33 16.663 31 07 55.20 0.14 111�22 18.803 33 16.666 31 07 54.87 0.11 108�21 14.803 33 16.684 31 07 54.95 0.14 104�20 14.5Notes to Table 6.31Units of right asension are hours, minutes, and seonds. Units of delination are degrees, arminutes, andarseonds.2Unertainties are 2�.3Relative position unertainties with respet to the referene feature used for self-alibration4Veloity of maser emission.5Referene feature. Absolute position error � 000:12.6.3.3 CCS and NH3 emission6.3.3.1 CCS emissionThe integrated emission from the CCS moleule is distributed in three lumps(Fig. 6.3). The lump enters are loated ' 2500 (9000 AU) south-west (SW lump), '5000 (17000 AU) north-east (NE lump), and ' 1500 (5000 AU) north-west (NW lump)from the entral soure. Fig. 6.4 shows the CCS emission integrated over di�erent veloityintervals. All lumps are redshifted with respet to the systemi veloity of the B1 ore(VLSR = 6.3 km s�1). Moreover, the SW, NE and NW CCS lumps show lear veloitygradients of ' 23, ' 10, and ' 12 km s�1 p�1 respetively (see Figs. 6.5 and 6.6) overthe whole size of the lumps, with veloities loser to that of the ambient loud near the



6.3 Results 139entral objet.Clump SW has the most redshifted veloities (VLSR from 6.6 km s�1 to 7.6 kms�1). It has an ellipsoidal shape, elongated perpendiularly to the diretion of the veloitygradient, with two emission peaks. Clump NE shows emission from VLSR = 6.6 km s�1to 7.1 km s�1, and it is divided into three \�ngers" that point towards the north-west.Clump NW has a veloity gradient from VLSR = 6.3 to 6.8 km s�1 (i.e., loser to the meanloud veloity), and its morphology is elongated, with its major axis pointing towards theentral soure.

Figure 6.3: CCS integrated emission (ontours) not orreted for the response of theVLA primary beam, overlaid on the 2MASS K-band emission (grey sale). Contour levelsrange from 0.66 to 5.94 mJy beam�1 km s�1 in intervals of 0.66 mJy beam�1 km s�1. Greysale ranges between 10% and 45% of the peak emission (the soure magnitude is K =14.208 � 0.122 measured by 2MASS). The south-west (SW), north-west (NW) and north-east (NE) CCS lumps are labeled. Dashed lines represent the axes where position-veloitydiagrams have been obtained (Fig. 6.6) .



140 Chapter 6 : Study of the Moleular Environment of the Class 0 Soure B1-IRS

Figure 6.4: Contour maps of the CCS integrated emission over the LSR veloity ranges(in km s�1) indiated in the top right orner of eah panel. Contour levels are at �2:56,�1:92, and from 1:92 to 7:68 at steps of 0.64 mJy beam�1 km s�1 (the rms of the maps).Filled triangle indiates the 2 �m point soure position. No primary beam orretion hasbeen applied to these �gures.
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Figure 6.5: Map of CCS intensity-weighted mean veloity (�rst-order moment). Contourlevels range from 6.0 to 7.8 km s�1 at steps of 0.2 km s�1. The graysale is also from 6.0to 7.8 km s�1. The �lled triangle represents the position of the 2 �m soure.
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Figure 6.6: Position-veloity diagrams of the CCS lumps. The upper panel representsthe position-veloity diagram of the NW lump through axis B-B' (see Fig. 6.3), thelower-left one orresponds to the NE lump through axis C-C', and the lower-right onethe SW lump through axis A-A'. Contours are at �3:6, and from 3:6 to 9:6 mJy beam�1with steps of 1.2 mJy beam�1, the rms of the maps. These plots have not been orretedfrom the response of the VLA primary beam.



6.3 Results 1436.3.3.2 NH3 emissionAmmonia emission is very extended and lumpy (Fig. 6.7). Most lumps aredistributed in two strips, with NW-SE orientation. The general trend, however, as illus-trated by Fig. 6.7, is that CCS and NH3 emissions are spatially antiorrelated. Suh anantiorrelation has been observed in other soures (Hirahara et al. 1992; Willay et al.1998; Lai et al. 2003), but this is the �rst time that it has been deteted with suh a highangular resolution (' 500).We have to note, however, that there is onsiderable extended NH3(1,1) and CCS(JN=21-10) emission in the B1-IRS region to whih the VLA is not sensitive. Indeed, fromour single-dish observations of these transitions (Fig. 6.8) we estimate that ' 90% of theammonia and CCS emission is missed with the VLA.

Figure 6.7: CCS (greysale) and ammonia main line (ontours) integrated emission. Greysaleranges from �1 to 6 mJy beam�1 km s�1. Contour levels range from 40 to 120 mJy beam�1km s�1 with inrement steps of 20 mJy beam�1 km s�1 , the rms of the map. Filled trianglerepresents the 2 �m soure. The beam on the left orrespond to the ammonia observations andthe beam on the right orresponds to the CCS observations. No primary beam orretion has beenapplied to these maps. However, given that the phase enter was almost the same in the CCS andNH3 observations, the beam response is similar and does not a�et the omparison between bothemissions.
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Figure 6.8: Single-dish spetra observed with the Robledo-70m antenna, at the positionR.A.(J2000) = 03h33m16s:34, De(J2000) = 31o0705100:1. Left panel represents the NH3(1,1)emission, with rms noise 1� = 0:08 K. Right panel is the CCS(21-10) spetrum, with rmsnoise 1� = 0:13 K.6.3.3.3 Physial parametersAlthough the maps shown in this Chapter have not been orreted by the primarybeam response for display proposes, suh a orretion has been applied to the data priorto deriving physial parameters. Table 6.4 summarizes the main physial parametersobtained from the CCS and NH3 lines. For the CCS data, we provide parameters for eahindividual lump, sine they are well de�ned in the integrated intensity map (Fig. 6.3).For these alulations, we have divided the emission of the SW lump in two di�erentpeaks, SW1 (loated at lower right asension), and SW2 (loated at the eastern part ofthe SW lump). The mean lump olumn density of CCS is NCCS ' (3:0�0:8)�1013m�2,whih is similar to the value obtained by Suzuki et al. (1992) for B1 (1:38 � 1013 m�2).Assuming a relative abundane of CCS with respet to H2 of 0:9 � 10�10 (mean valuereported by Lai & Cruther 2000 for B1), the resulting mean NH2 is ' (3:3 � 0:8) � 1023m�2. Given the low signal-to-noise ratio and the lumpy struture of the NH3 emission,we only give averaged values for this moleule in Table 6.4. The olumn density of ammoniaat eah loal maximum seen in the integrated intensity map (Fig. 6.7), ranges between' 6 � 1014 and 3 � 1015 m�2, with a mean lump value of ' (1:4 � 0:4) � 1015 m�2 ,similar to the value of 1� 1015 m�2 reported by Bahiller & Cerniharo (1986).



6.4 Disussion 145Table 6.4: Physial parameters of the lumps observed in NH3 and CCSaMoleule Clump I�b R I�dvb Nmol NH2d Sizese Mf(mJy beam�1) (mJy beam�1 km s�1) (1013 m�2) (1023 m�2) (AU� AU) (M�)NH3 Meang 170�30 210�30 140�40 1.4�0.4 10700�4600 2.1�0.6CCS SW1 14.2�2.8 7.5�1.4 3.7�1.7 4.1�1.9 2900�2900 1.1�0.5CCS SW2 10.5�2.8 6.0�1.4 2.9�1.5 3.2�1.7 5000�2900 1.4�0.7CCS NW 4.7�2.6 3.4�1.3 1.7�1.1 1.9�1.2 7000�2100 0.8�0.5CCS NE 9.3�3.9 7.3�2.0 3.6�1.7 4.0�1.9 12600�2900 4.4�2.0Notes to Table 6.4a All the unertainties in this table are 2�.b Intensity and integrated intensity at the position of the emission peak for eah lump (main hyper�neomponent only for ammonia). Column density obtained from Nmol = 8���33gjAji Q(Trot) R I�dv[B�(Tex)�B�(Tbg)℄ exp(Ej=kTrot)exp(h�=kTex)�1 (optially thin approxi-mation), where � is a fator equal to 1 for CCS, and equal to 2[1+exp(h�=kTex)℄ for NH3, � is the frequenyof the transition, Q is the partition funtion, R I�dv is the integrated intensity (referred only to the main linein the ase of the ammonia), Ej is the energy of the upper state in the ase of the CCS (1.61 K; Wolkovithet al. 1997) and the energy of the rotational level whose inversion transition is observed in the ase of theammonia (23.4 K; Ho & Townes 1983), Trot is the rotational temperature, gj is the statistial weight of theupper rotational level in the ase of the CCS, and of the upper sublevel involved in the inversion transition inthe ase of the ammonia. Aji is the Einstein oeÆient for the overall transition (1.67 and 4.33 � 10�7s�1for the NH3(1,1) and CCS(21-10) transitions, respetively; Ho & Townes 1983; Wolkovith et al. 1997), andTex is the exitation temperature. For the CCS moleule we adopted a Trot = Tex = 5 K (Suzuki et al.1992). For the NH3 alulations, we have assumed a Trot = 12 K derived by Bahiller & Cerniharo (1984)from single-dish observations. From our single dish ammonia spetrum (see Fig. 6.8), we derived an optialdepth of � = 0:9� 0:5, whih provides a Tex = 8:8� 2:4 K. The �nal NNH3 was obtained by multiplying theoptially thin solution by the fator (�=[1 � e�� ℄).d Hydrogen olumn density, obtained assuming a frational abundane with respet to H2 of 10�8 for NH3(Herbst & Klemperer 1973) and 0:9� 10�10 for CCS (Lai & Cruther 2000).e FWHM of the lumps. It is an averaged value in the ase of the ammonia.f Clump mass, derived from the NH2 and the half-power area. It is an averaged value for ammonia lumps.g Average value for the NH3 lumps.6.4 Disussion6.4.1 The geometry of the moleular outowHirano et al. (1997) deteted moderately-high veloity blueshifted CO emissionentered lose to the position of the IRAS soure and onsisting of many lumps at dif-ferent blueshifted veloities. No redshifted emission was obvious in their data. Given thedistribution of the blueshifted gas around the IRAS position (Fig. 6.9), Hirano et al. (1997)suggested the existene of a moleular outow driven by the IRAS soure, and orientedpole-on with respet to the observer. In order to explain the absene of the redshifted COlobe, these authors suggested that higher density material is slowing down that omponentof the outow.Our results, however, do not support the pole-on geometry for the outow. The2MASS soure, whih is within the error box of the IRAS position, is loated at the tip



146 Chapter 6 : Study of the Moleular Environment of the Class 0 Soure B1-IRSof the blueshifted outow, rather than at its enter (see Fig. 6.9). If we assume that the2MASS soure is atually traing the powering soure of the outow (on�rmed by itsassoiation with the water masers), its blueshifted lobe would ow towards the southwestfrom the entral soure.The low veloity of the CO blueshifted emission with respet to the VLSR of theloud (jVCO � VLSRj < 8 km s�1), and the lak of a signi�ant amount of redshifted gas,are more ompatible with the moleular outow being lose to the plane of the sky. Theabsene of a oherent veloity gradient of the water masers along their linear struture isalso onsistent with this geometry.
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Figure 6.9: Overlay of the CO blueshifted outow (ontours; Hirano et al. 1997) andCCS integrated emission (greysale; this thesis). The �lled irle represents the IRASsoure with its error position barrs. The triangle marks the 2 miron point soure. TheCCS emission is not orreted from the response of the primary beam.



6.4 Disussion 1476.4.2 The outow traed by water masersThe water maser emission is distributed in the diretion of the extended infrarednebula, approximately NE-SW. This is the same orientation as the blueshifted CO lobewith respet to the entral soure, and suggests that the masers are traing the baseof the outow. Note, however, that most of the maser omponents are redshifted withrespet to the loud veloity, and yet their loation primarily to the south and west ofthe infrared soure means that they oinide with the blueshifted CO lobe. This apparentkinemati disrepany ould be explained if the masers are traing the bakground wallsof a avity evauated in the loud by a moleular outow lose to the plane of the sky.The existene of suh a avity was suggested by Hirano et al. (1997) form their C18O map.In the proposed geometry of an outow lose to the plane of the sky, the bakgroundwalls ould show redshifted motions, assuming a �nite opening angle. The fat that noorresponding blueshifted masers are shown traing the foreground walls ould be due todi�erent physial onditions of the gas, with denser gas in the bakground (that probablyorresponds to the region that goes deeper into the moleular loud), and would produea stronger interation with the outow in that area. Proper motion measurements of theB1-IRS water masers will help to larify whether our proposed geometry, with the outowlose to the plane of the sky and evauating a avity in the loud, is orret.6.4.3 The interation between the moleular outow and its surroundingenvironmentThe CCS lumps show a lear veloity gradient, with less redshifted veloitiestowards the entral soure (see Fig. 6.5). If we assume that the ambient loud veloityis 6.3 km s�1 (Hirano et al. 1997), these lumps would be redshifted with respet to theloud veloity. This veloity pattern annot be explained purely by foreground lumpswith infalling motions, for whih we would expet more redshifted veloities loser tothe soure. Nevertheless, if we onsider that the CCS lumps may be interating withthe outowing material, the infalling lumps ould be slowed down loser to the entralsoure due to this interation, explaining in this way the less redshifted veloities at thesepositions.An alternative senario to explain the CCS kinematis is outowing lumps drivenby a wind. If this wind exhibits a Hubble-ow type veloity, that inreases with distanefrom the driving soure (as it is observed in other outows from lass 0 protostars, Chandler& Riher 2001), we ould explain the veloity pattern by bakground lumps interatingwith, and being aelerated by the outowing material. In order to have redshifted CCSemission at both to the NE and SW from the entral soure, the outow must lie nearthe plane of the sky, and the CCS lumps should be assoiated with the bak side ofthe outow, both for the southwestern blueshifted CO lobe, and the (as yet) undeteted



148 Chapter 6 : Study of the Moleular Environment of the Class 0 Soure B1-IRSnortheastern redshifted CO lobe (see an shemati representation of the di�erent modelsin Figure 6.10).
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Figure 6.10: (Left panel) Map of CCS intensity-weighted mean veloity (�rst-order mo-ment). The olor sale ranges from 6.0 to 7.8 km s�1. The proposed CO outow geometryis represented by a one, with solid lines assoiated with the blueshifted CO outow andthe dashed lines assoiated with the redshifted one, with the lobes almost in the plane ofthe sky. (Right panels) Shemati representation of the proposed models to explain theobserved CCS veloity pattern. Hathed ellipses orrespond to the di�erent CCS lumps,and the one represents the moleular outow. Upper right panel represents foregroundinfalling lumps deelerated by the moleular outow (model A), and lower right panelrepresents bakground outowing aelerated lumps (model B). For both right panels,the observer would be loated at the bottom of the page.A way to distinguish between these two models (foreground infalling lumpsdeelerated by the outow (model "A") vs. bakground outowing aelerated lumps(model "B")), is to asertain whether the motions observed in the CCS lumps an begravitationally bound.There are two main omponents in the observed motions: the internal veloitygradients within the lumps, and the bulk veloity of the whole lump with respet to theentral soure. For the �rst omponent, the mass M needed to gravitationally bind a loudof size R with veloity gradient dV=dl is M = V 2RG�1, with V = (dV=dl)R. This meansthat the masses needed to bind the internal gradient within eah lump are 1.3, 0.3, and0.4 M� for lumps SW, NW, and NE, respetively. The masses derived for the lumps(Table 6.4) are of the same order of those neessary for the lumps to be bound, although



6.4 Disussion 149we must onsider this result arefully due to the very large unertainties involved in thesealulations.On the other hand, if we onsider an average veloity of eah CCS lump withrespet to that of the ambient loud, and the distane from the infrared soure to theenter of eah lump, the masses needed to bind the motions for SW, NW, and NE CCSlumps as a whole are 6, 0.4, and 6 M�, respetively. The mass of gas ontained in aregion of radius equal to the distane to the entral soure would be 13-30 M� for the SWlump, 5-11 M� for the NW lump, and 51-120 M� for the NE lump, depending on thevalues of NH2 obtained from either averaged values for NH3 or CCS.Therefore, we see that the observed motions in the CCS lumps an be gravita-tionally bound, a fat that does not allow us to disard either of the alternative models.Regardless of the real geometry and dynamis of the region, it seems that there is animportant interation of the ambient gas with the moleular outow.We must point out that the observed CCS lumps may not really be physial en-tities. These lumps are likely to represent regions of enhaned abundane of CCS (Suzukiet al. 1992; Ohashi et al. 1999). This hemial gradient of CCS is a result of variationsin the loal onditions of the loud (Lai et al. 2003). However, our mass estimates tohek if the motions are gravitationally bound are still valid even if the enhaned CCSemission are not physial lumps, given that we are alulating the mass of the region ofgas enlosed by the CCS emission. The largest soure of unertainty is the value of themoleular abundane, whih is a ommon problem when deriving olumn densities usingother moleular traers. In our alulations we onsider a frational abundane of CCSwith respet to the H2 of 0.9�10�10, whih is the mean value reported by Lai & Cruther(2000) for this region.6.4.4 Chemial evolution: CCS vs. NH3In previous single-dish works, a spatial antiorrelation between CCS and am-monia was found, both by omparing detetions of those moleules in surveys of soures(Suzuki et al. 1992), and by mapping their emission in the same region (Lai et al. 2003).It is interesting to hek whether this antiorrelation still stands when we map a soureat high resolution. The overlay of our CCS and ammonia maps (Fig. 6.7) shows a learantiorrelation between them throughout the B1-IRS region, exept ' 3000 to the north ofthe ammonia maximum (whih oinides with the NE CCS lump), where there is somesuperposition. This is the �rst time that this antiorrelation is observed at suh a highresolution (' 500 = 1750 AU) in a star-forming region, and illustrates that the hemistryis not only time-dependent, but also exhibits small-sale spatial struture that an poten-tially seriously a�et the interpretation of derived physial and dynamial properties if itis not properly taken into aount.



150 Chapter 6 : Study of the Moleular Environment of the Class 0 Soure B1-IRSThe hemial gradients traed by these moleules may be the result of hangingthe loal onditions. At this moment, most of the theoretial hemial models onsideringthe age and distane to the loud enter, inlude a large number of physial parameters tostudy the variation of the olumn density, the distribution, and the frational abundaneof moleules like CCS and NH3 among other speies. Some of these models inlude thestrength of magneti �elds, initial hemial omposition of the loud, the probability ofmoleules stiking to dust grains, osmi-ray ionization rate, and loud mass (Shematovihet al. 2003), UV photodisoiation, osmi-ray indued photoionization and photodisoi-ation reations, CO depletion onto grains, and desorption by osmi-rays (Nejad & Wa-genblast 1999), or ore geometry and view angles (Aikawa et al. 2003). Until now, thesehemial studies foused on starless ores and did not onsider the e�ets of a entral star,probably beause most of the CCS studies have been made toward starless ores (Kuiperet al. 1996; Ohashi et al. 1999; Lai et al. 2003; Shinnaga et al. 2004).The way in whih all of these fators and the ativity of protostars (in the aseof star forming regions) an modify the lassial ion-moleule or radial/neutral pathwaysof prodution of moleules like CCS (Smith 1988; Suzuki et al. 1988; Petrie 1996; Sappini& Codella 1996) needs to be studied in theoretial works to give a better interpretationof our results. The development of models that implement the onset of energeti ativityassoiated with the formation of a star and how this a�ets the CCS and NH3 produtionwill be the key to asertain the evolutionary stage of B1-IRS. Models treating onsistentlyboth CCS and NH3 and onsidering the e�et of young stars ould provide more reliablevalues of the relative abundanes and olumn densities of both moleules as a funtion ofthe distane from the soure. On the other hand, our data on B1-IRS ould be used as areferene work to test the preditions of those alulations in detail. Future omparisonwith other regions observed with high angular resolution will be vital for understanding thepreise meaning of the ratio between CCS and NH3 abundanes in star-forming regions,in terms of hemial evolution.Moreover, detailed hemistry studies in moleular louds are an important sienedriver for the development of new interferometers (e.g. SMA or ALMA, see van Dishoek& Blake 1998; Phillips & Vastel 2003). Our antiorrelation result at small sale provesthat hemistry studies is indeed a promising line of researh for these new telesopes.The lumpy distribution of CCS emission deteted in B1-IRS, has already beenobserved by other authors in several moleular louds suh as B335 (Velusamy et al. 1995),L1498 (Kuiper et al. 1996), and TMC-1 (Langer et al. 1995). In the ase of B1-IRS, thislumpy distribution was �rst deteted by Lai & Cruther (2000) in the CCS JN= 32-21transition at 33.8 GHz with the BIMA interferometer with an angular resolution of ' 3000.In partiular, there seems to be a spatial oinidene between BIMA lumps F and B andour VLA lumps SW and NE respetively. Moreover our VLA observations reveal a lak



6.4 Disussion 151of CCS emission at the position of B1-IRS. This absene of emission has been suggestedto be due to a lower abundane of the moleule, rather than to a density derease, sinethis moleule needs high density to be exited and the density is expeted to be highertowards the enter (Velusamy et al. 1995). The lumpy distribution ould be due to anepisodi infall (as suggested by Velusamy et al. 1995 for B335).Another possibility that it is worth onsidering is that CCS might be loallyenhaned in shoked regions. In fat, the observed CCS lumps show kinematial signs ofinteration with the outow, whih suggests that the CCS emission ould be originatedfrom gas a�eted by the impat of shoks. The outow ould squeeze low density gas tothe higher densities (' 105 m�3) needed to produe the CCS, and trigger the formationof the moleule. Suh low density gas exists around dense louds like B1, and the outowassoiated to B1-IRS ould interat with fresh material around the dense ore. Althoughthere is urrently no hemial model that inludes this kind of phenomena related to thestar formation, to support the suggested enhanement, observations of other moleuleshave suggested that their abundane is enhaned in the environment of jets and outows,by shok-indued hemistry, as in the ase of CS (Are & Sargent 2004), NH3 (Torrelleset al. 1992, 1993a), or HCO+ (Girart et al. 2000). Theoretial hemistry models supportthose �ndings (Wol�re & Koenigl 1993; Taylor & Williams 1996; Viti et al. 2002). Inpartiular, for HCO+ it has been proposed that in some ases its abundane may beinreased by a fast outow impinging on fragments of dense gas (Rawlings et al. 2000),and this type of interation between outow and dense gas is also suggested by our CCSdata, although the hemial reations involved will ertainly be di�erent.If this abundane enhanement takes plae in short timesales (' 105 yr), oneould expet to �nd lumps of the order of 500 at the distane of B1 (350 p), onsideringa typial sound speed of ' 0.1 km s�1.Clearly, further interferometri CCS observations of the environment of otherstar forming regions as well as theoretial hemistry models will be useful to determinewhether CCS emission tends to seletively trae regions of interation of the outow withits surrounding medium. These studies ombined with high-resolution data of NH3 andother moleular traers will also help to determine the spatial distribution and hemialevolution of these speies.



152 Chapter 6 : Study of the Moleular Environment of the Class 0 Soure B1-IRS6.5 ConlusionsWe have presented high-resolution observations of ammonia, CCS, and watermasers toward the Class 0 objet B1-IRS (IRAS 03301+3057). Our main onlusions areas follows:� There is a 2MASS infrared point soure loated � 600 NE from the nominal positionof the IRAS soure, and at the NE tip of a blueshifted CO outow lobe. Fainterinfrared emission extending towards the SW from the point soure is also deteted.� There is a group of water masers assoiated with the infrared point soure. Theirelongated distribution (in the NE-SW diretion), and their unbound motions suggestthat these masers are traing the base of the outow.� The infrared and water maser data suggest that the infrared point soure traes theposition of the powering soure of the mass-loss phenomena in the region, and thatmass is ejeted along the NE-SW diretion.� We detet three lumps of CCS emission surrounding the infrared soure, all red-shifted with respet to the systemi loud veloity. They show lear veloity gradi-ents, with less redshifted gas towards the entral soure. We interpret these gradientsin terms of lumps that are strongly interating with a moleular outow that liesalmost in the plane of the sky.� Ammonia emission is weak and extended. It shows a spatial antiorrelation withCCS. Although this kind of antiorrelation is known to be present in other star-forming regions, this is the �rst time that it has been observed with suh a high-angular resolution (' 500).� We suggest the possibility that CCS abundane is enhaned via shok-indued hem-istry. However, theoretial alulations will be needed to on�rm this hypothesis.



6.5 Conlusions 1536.5.1 ConlusionesSe presentan observaiones a alta resolui�on en amoniao, CCS y m�aseres de aguaen torno al objeto de lase 0 B1-IRS (IRAS 0331+3057). Las onlusiones prinipales sonlas siguientes:� Hay una fuente infrarroja puntual de 2MASS situada a � 600 NE de la posii�onnominal de la fuente IRAS y en el extremo NE del l�obulo desplazado al azul del ujomoleular de CO.� Hay un grupo de m�aseres de agua asoiados on la fuente puntual infrarroja. Sudistribui�on alargada (en la direi�on NE-SW) y sus movimientos no ligados, sugierenque estos m�aseres est�an trazando la base de un ujo moleular.� Los datos de infrarrojo y de emisi�on m�aser sugieren que la fuente puntual infrarrojatraza la posii�on de la fuente exitadora de los fen�omenos de p�erdida de masa en laregi�on, y que la masa es expulsada a lo largo de la direi�on NE-SW.� Se detetan tres \grumos" de CCS alrededor de la fuente infrarroja, todos ellosdesplazados al rojo on respeto a la veloidad sist�emia de la nube. Muestran unlaro gradiente de veloidad, on el gas menos enrojeido situado m�as era de lafuente entral. Estos gradientes se interpretan en t�erminos de \grumos" que est�aninteraionando fuertemente on un ujo moleular orientado asi en el plano delielo.� La emisi�on en amoniao es d�ebil y extendida. Muestra una antiorrelai�on espaialon el CCS. Aunque este tipo de antiorrelai�on se sabe que existe en otras regionesde formai�on estelar, �esta es la primera vez que se observa on alta resolui�on angular(' 500).� Se sugiere la posibilidad de que la abundania de CCS aumente por medio de unaqu��mia induida por hoques. Sin embargo, son neesarios los �alulos te�oriospertinentes que on�rmen esta hip�otesis.
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Chapter 7Study of the multiple systemIRAS 16293�2422: testing theross-alibration tehnique formoleular linesIn this hapter we present another attempt to simultaneously detet CCS andwater maser emission at 1 m, this time towards the Class 0 protostar IRAS 16293�2422,using the VLA in its D on�guration. Although these observations failed to detet CCSemission at high-resolution, we ould test for the �rst time that the ross-alibrationtehnique using water masers to trae atmospheri variation is feasible to improve thequality of the thermal spetral line data. We heked this by omparing radioontinuumemission (at the frequeny of the thermal CCS transition) before and after applying suha ross-alibration.7.1 MotivationCCS has proven to be an exellent kinemati traer, as shown in our previousVLA study towards B1-IRS (see hapter 6), whih illustrates the usefulness of interferomet-ri CCS observations for kinemati and morphologial studies. Regarding the interestingresults obtained for B1-IRS with the CCS observations, we have performed similar observa-tions in H2O masers and CCS towards the multiple protostellar system IRAS 16293�2422.Moreover, these observations represent a new attempt to test the ross-alibration teh-nique that failed in B1-IRS observations, due to the low ux density of its maser emissionat the epoh of our observations.



156 Chapter 7 : Study of IRAS 16293�2422: testing the ross-alibration tehniqueIRAS 16293�2422 is a low-luminosity protostar loated in the small L1689 Nmoleular loud in the � Ophiuhus omplex, at a distane of 120 p (Knude & Hog1998). This soure is a multiple system omprising two soures, A and B, separated by' 500 (750 AU) along P.A. ' �50o (Wootten 1989). IRAS 16293�2422B seems to be asingle objet, while interferometri observations reveal that the objet A is in its turnomposed of two radio ontinuum soures (A1 and A2; Wootten 1989) and a possiblethird submillimeter ompanion (Ab; Chandler et al. 2005). This region hosts multiplemoleular outows (Mizuno et al. 1990; Stark et al. 2004), whih seem to be powered bythe di�erent omponents of the protobinary system (Chandler et al. 2005). Strong watermaser emission has also been observed towards this soure (up to ' 6000 Jy, Claussen etal. 1986).Our sienti� aim in this work was to study di�erenes in morphology (fragmen-tation at small sales, disruption of the loud by the outow) and kinematis (interationbetween outowing and infalling gas) of the loud, and ompare our results in IRAS16293�2422 (a multiple protostellar system) with the results obtained for B1�IRS (prob-ably a single objet).From a tehnial point of view, with this, and the work presented in hapter 6 forB1-IRS, we tried to push to the limits the apabilities of the VLA, by using water masersto trak atmospheri phase and amplitude variations. The self-alibration solutions of thestrong water masers are then applied to weaker emission. It is important to point out thatthis ross-alibration tehnique has already been suessfully applied to greatly improvethe quality of radio-ontinuum maps, but this thesis represent the �rst attempt to use thistehnique for a thermal spetral line (the CCS transition at 1 m).CCS emission towards IRAS 16293�2422 was deteted by Hirota et al. (2001)in single-dish observations at 45 GHz, reporting a main beam brightness temperatureof 0.42 K with a beam of 4000. Soures in the sample of Suzuki et al. (1992) show amean ratio between CCS transitions at 45 and 22 GHz of 2. CCS emission is typiallylumpy, and the peak intensity an be signi�antly higher in VLA maps that in single-dishones. For instane, spetra of B335 taken with the Goldstone antenna (beam 4500) andthe VLA in its D on�guration, show a brightness temperature 10 times higher for thelatter (Velusamy et al. 1995). Moreover, the ross alibration tehnique using the watermaser ould enhane brightness by a further fator of 2. With all these onsiderations,the peak intensity expeted for CCS emission at 22 GHz in IRAS 16293�2422 was �14mJy beam�1.This hapter is strutured as follows: in x7.2 we desribe the observations anddata redution proedure. In x7.3 we show the observational and tehnial results of thiswork. In x7.4 we diuss the ross-alibration tehnique problems and we summarize ouronlusions in x7.5.



7.3 Observations and results 1577.2 ObservationsSimultaneous observations of the JN=21-10 transition of CCS and the 616-523transition of H2O were arried out on 2005 August 2, 3, and 6 using the VLA in its Don�guration. The phase enter of these observations was R.A.(J2000) = 16h32m22s:862,De(J2000) = �24o2804400:10. We used the four IF spetral line mode, with two IFs foreah moleular transition, one in eah of right and left irular polarizations. For theCCS observations we sampled 128 hannels over a bandwidth of 0.781 MHz entered atVLSR = 4:0 km s�1, with a veloity resolution of 0.082 km s�1. Water maser observationswere obtained using 64 hannels over a 3.125 MHz bandwidth entered at VLSR = 5:1km s�1, with 0.66 km s�1 veloity resolution. Our primary alibrator was J1331+305,for whih we adopted a ux density of 2.5297 Jy (at the CCS frequeny) and 2.5396 Jy(at the H2O frequeny) using the latest VLA values (1999.2). The soure J1626-298 wasused as phase alibrator (bootstrapped ux density = 2.03�0.04 Jy at the CCS frequenyand 1.92�0.04 Jy at the H2O frequeny). As bandpass alibrators, we used the primaryalibrator on the �rst and third days, and the seondary alibrator on the seond day.Calibration and data redution were performed with the Astronomial Image ProessingSystem (AIPS) of NRAO.The deteted water maser emission was strong enough to enable self-alibrationin all three observing sessions. Water maser maps were made setting the robust parameterto 0, and they were smoothed to a �nal veloity resolution of ' 1.3 km s�1, to mitigatethe Gibbs ringing. The ross alibration tehnique was applied to CCS, by applyingthe self-alibration solutions for eah data set of water maser observations, to the CCSdata. Finally, we ombined the CCS data for all three days with DBCON. Images of CCSemission were made with natural weighting, providing a synthesized beam of 600:0 � 200:8(P.A. = 6o).7.3 Results7.3.1 Water masers and CCSOur observations reveal strong water maser emission, as reported elsewhere(Wilking & Claussen 1987; Comoretto et al. 1990; Terebey et al. 1992; Claussen et al.1996; Imai et al. 1999; Furuya et al. 2003). The spetra show three di�erent omponentsat �5.1, �2.5, and �0.5 km s�1 (see Fig. 7.1), similar in the three days of observations. Weseleted the day with the best signal to noise ratio (2005 August 3) in order to illustratethe shape of the spetrum and the loation of the masers. Flux densities and positions ofthe di�erent maser omponents are shown in Table 7.1.Our results are in agreement with those reported by other authors, whih show



158 Chapter 7 : Study of IRAS 16293�2422: testing the ross-alibration tehniquewater maser spetra rih in omponents, most of them in the veloity overage of �8km s�1 < VLSR < 8 km s�1 (e.g. Claussen et al. 1996; Imai et al. 1999; Furuya et al.2003) with di�erent ux densities from a few Jy (e.g. Claussen et al. 1996) to more than2000 Jy (e.g. Comoretto et al. 1990) variable in time.
α

γ
β

Figure 7.1: Integrated water maser spetrum obtained with the VLA toward IRAS16293�2422, on 2005 August 3.
Table 7.1: Deteted water maser omponentsComponent R.A. O�set 1 De O�set1 Position 2;3 Flux density 2 VLSR4(00) (00) unertainty (00) (Jy) (km s�1)� 0 0 ... 5 730�30 5.1� 0.594 0.251 0.003 59�3 2.5 0.860 0.232 0.003 89�4 0.5Notes to Table 7.11Position o�sets of the peak of eah distint water maser feature with respet to the referene feature usedfor self-alibration. (�,Æ)J2000:0 = (16h32m22s:825,�24o2803600:74).2Unertainties are 2�.3Relative position errors with respet to the referene positions4LSR veloity of the spetral hannel where the peak of the maser feature is deteted. Veloity resolution�1.3 km s�1.5Referene feature. Absolute position error �000:28.



7.3 Observations and results 159Water maser emission was used to apply the ross-alibration tehnique to CCSdata, but we did not detet any CCS emission towards IRAS 16293�2422, obtaining a 3�upper limit of ' 28 mJy. In order to improve the signal-to-noise ratio we smoothed theCCS data up to a resolution of ' 0.3 km s�1, and we tapered the uv data to obtain asynthesized beam of '1000. Nevertheless we still failed to detet the CCS emission.The obtained CCS upper limit is higher than the estimated peak intensity (i.e.�14 mJy beam�1; see setion 7.1). Probably, the bad weather onditions during theobservations, and the atmospheri phase utuations for the low elevation at whih thissoure is visible from the VLA (less than 30o), are responsible for the non-detetion.With this negative result for the detetion of CCS, we an estimate upper limitsto the olumn density of the CCS moleule. We follow the method and the assumptionsdesribed in hapter 5, Table 5.2 to alulate the CCS olumn density. The estimationof the upper limit of the integrated intensity, is obtained assuming a peak intensity equalto 28 mJy, whih is the upper limit derived from our observations. We alulate theorresponding peak brightness temperature from the Rayleigh-Jeans Law:�TbK� = 13:6� I�Jy beam�1�� �mm�2� �a �barse2��1where I� is the observed peak intensity, and �a and �b are the dimensions of the synthesizedbeam (600:0�200:8). As we did to estimate upper limits of CCS olumn density in Chapter 5,Table 5.2, we assumed a mean value of veloity width for the line of �V ' 0:5 km s�1,an exitation temperature was �xed to 5 K and Tex = Trot. With these assumptions, weobtained an upper limit of N(CCS) � 2.2 � 1013 m�2.7.3.2 Radio ontinuum emission and the feasibility of ross-alibrationfor CCS spetral linesAlthough we did not detet any CCS emission, we averaged the entral 93 veloityhannels of the data set for this moleule, whih allowed us to study the radio ontinuumemission at 22.34 GHz.We deteted two radio ontinuum soures (see Fig. 7.2), whih are unresolved byour beam. They are loated at R.A.(J2000) = 16h32m22s:86, De(J2000) = �24o2803600:6(absolute positional error '100:4), with a ux density of 3.6�2.3 mJy, and at R.A.(J2000)= 16h32m22s:68, De(J2000) = �24o2803200:7 (absolute positional error ' 100:2), with a uxdensity of 3.8�2.3 mJy. These soures orrespond to the loation of the protobinary systemIRAS 16293�2422 A and B reported by Wootten (1989), and their ux densities are inagreement with the uxes reported by Chandler et al. (2005). Our angular resolution didnot allow us to separate the multiple soures within omponent A. The water masers areassoiated with the A omponent, in agreement with Wootten (1989), see Fig. 7.2.



160 Chapter 7 : Study of IRAS 16293�2422: testing the ross-alibration tehniqueIn order to test if the ross-alibration tehnique may work for spetral linedata, we ompared ontinuum maps (at the frequeny of the CCS line) with and withoutapplying the tehnique, and we observed an improvement in the signal-to-noise ratio of theontinuum emission (see Fig. 7.2). By applying this tehnique we obtained an improvementof �4% in the rms, �18% in the peak intensity, and �25% in the signal-to-noise ratio,whih hanges from 4� to 5�. With these results, we on�rm for that ross-alibrationtehnique works and an eventually be applied to improve maps in CCS line observations.
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7.4 Comments and prospets for ross-alibration on spetral lines 1617.4 Comments and prospets for ross-alibration on spe-tral linesIn this thesis we have tried to apply the ross-alibration tehnique on spetralthermal lines twie, in the B1-IRS region (hapter 6), and in IRAS 16293�2422 (thishapter). Both attempts illustrate the diÆulties of this tehnique, sine two onditionsare required for applying the ross-alibration suessfully:1. To observe a strong water maser in order to �nd the self-alibration solutions thatwill be applied later to the thermal emission.2. To have an relatively intense and lumpy distribution of CCS emission and goodweather onditions during the observation, to make possible the detetion of CCSthermal emission.The �rst ondition is ruial in the ross-alibration tehnique, but very unpre-ditable. It is well known that water maser emission in low-mass young stellar objetsshows a strong variability on short timesales (< 1 month, Hashik et al. 1983; Claussenet al. 1996; Wilking et al. 1994a; Furuya et al. 2003). In the ase of B1-IRS (Chapter 6),the tehnique ould not be applied beause the water maser was not strong enough.The seond ondition is important to detet CCS emission with interferometritehniques. If CCS emission would be ompletely extended without showing any lumpydistribution, interferometers would be \blind" to this emission, due to the lak of shortspaings. Another pre-requisit to have suess in the observation of CCS is that thelumps must be strong enough and we must observe them under good weather onditions,otherwise the CCS thermal emission lines may not be deteted. This part failed in theobservations towards IRAS 16293�2422. In addition, no single dish CCS maps were donebefore towards this loud and, although previous maps show that the lumpiness is aommon harateristi on CCS spaial distribution (Hirahara et al. 1992; Velusamy et al.1995; Kuiper et al. 1996; Lai & Cruther 2000; Lai et al. 2003), the degree of lumpinessin our soure was unknown.In this hapter we showed for the �rst time that this ross-alibration tehniquemay eventually work for CCS lines, although we ould not present the \improved" ross-alibrated CCS maps. At the very end of this thesis work, and after we observed areappearane of the water maser emission in L1448C region (on 2005 Marh 13 with theRobledo-70m antenna) after more than ten years of non-detetions, we observed the L1448region (one of our regions deteted in CCS in hapter 5) in both CCS and water masersusing the VLA. These observations will be part of our future work, but a preliminaryredution of the data shows strong water maser emission and a lumpy CCS distribution,thus it seems that we may �nally be able to apply this tehnique for spetral lines andobtain high-quality CCS maps.



162 Chapter 7 : Study of IRAS 16293�2422: testing the ross-alibration tehnique7.5 ConlusionsWe have performed simultaneous observations of CCS and H2O masers at 22GHz towards IRAS 16293�2422, in order to study the morphologial and dynamial on-ditions of the surrounding loud. The results and onlusions of these observations arethe following:� We deteted strong enough water maser emission to self-alibrate the data. Threedistint water maser omponents are evident.� We used the self-alibration solutions obtained for the water maser data, to apply forthe �rst time the ross-alibration tehnique to the CCS spetral line data, but wefailed to detet CCS emission. The bad weather onditions during the observationsand the atmospheri phase utuations at low elevations yielded a �nal 3� upperlimit above the expeted CCS brightness temperature, despite the appliation ofross-alibration.� We averaged 93 CCS entral hannels, and we deteted two radio ontinuum soures,whih orrespond to the omponents A and B of the protobinary system that existin the region. The water maser emission is assoiated to the southern A omponent,in agreement with other works.� We have ompared the radio ontinuum maps with and without applying the ross-alibration tehnique and we obtained an improvement of �25% in the signal-to-noise-ratio of the ross-alibrated maps. This indiates that the ross-alibration ofthermal lines using water maser is a promising tehnique. Our work in this thesisrepresents the �rst attempt to pursue suh a tehnial development.



7.5 Conlusions 1637.5.1 ConlusionesHemos realizado observaiones simult�aneas de CCS y m�aseres de H2O a 22 GHzen IRAS 16293�2422 para estudiar las ondiiones morfol�ogias y din�amias de la nubeque la rodea. Los resultados y las onlusiones de estas observaiones son las siguientes:� Hemos detetado emisi�on de m�aser de agua lo su�ientemente fuerte omo paraautoalibrar los datos. Podemos distinguir tres omponentes m�aser distintas.� Hemos usado las soluiones obtenidas en la autoalibrai�on de los datos de m�aseresde agua para apliar por primera vez la t�enia de alibrai�on ruzada a los datosde l��nea espetral de CCS, pero no hemos detetado emisi�on de CCS. Las malasondiiones atmosf�erias durante las observaiones y las utuaiones de fase pro-duidas por la atm�osfera a elevaiones bajas produjeron un l��mite superior (3�) porenima de la temperatura de brillo de CCS esperada, a pesar de la apliai�on de laalibrai�on ruzada.� Hemos promediado 93 anales entrales de CCS y hemos detetado dos fuentes deradio ontinuo, que se orresponden on las omponentes A y B de un sistemaprotobinario existente en la regi�on. La emisi�on de los m�aseres de agua est�a asoiadaa la omponente del sur (A), en onordania on otros trabajos.� Hemos omparado los mapas de radio ontinuo obtenidos apliando y sin apliar lat�enia de alibrai�on ruzada y hemos hallado una mejora del �25% en la relai�onse~nal a ruido de los mapas donde la alibrai�on ruzada ha sido apliada. �Esto indiaque la alibrai�on ruzada en l��neas t�ermias usando m�aseres de agua es una t�eniaprometedora. El trabajo de esta tesis presenta el primer intento de apliai�on deesta t�enia.
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Chapter 8Modeling moleular line emissionfrom aretion irradiated disksIn this hapter we model the expeted moleular line emission from protoplan-etary disks, modifying di�erent physial parameters to obtain distintive observationalsignatures. Our aim is to determine the kind of observations that will allow us to extratinformation about the physial parameters of disks. With this purpose we perform a sta-tistial analysis of prinipal omponents and a multiple linear orrelation on our set ofresults from the models. We also present prospets for future moleular line observationsof protoplanetary disks using SMA and ALMA.8.1 Introdution and motivationThe mass of disks around young stars is � 99% gas and only 1% dust. However,sine the dust opaity is large ompared to the gas opaity in a wider range of wavelengths(i.e., from near to far IR), the dust omponent dominates the absorption and reproessingof stellar radiation and the emergent spetral energy distributions (SEDs) of disks aroundClassial T Tauri (CTTS) and Herbig Ae stars (HAe). Most of the models onstruted toexplain observed SEDs have taken into aount only the dusty omponent in the alula-tion of the disk temperature (Chiang & Goldreih 1997; D'Alessio et al. 1998, 1999, 2001).In spite of this simpli�ation, these models have been suessful to explain the observedSEDs. However, SEDs are not sensitive to kinematial information, details of the radialand vertial temperature distribution, the hemistry of the gaseous omponent (Aikawaet al. 1996, 1997; Aikawa & Herbst 1999; van Zadelho� et al. 2001), the possibility thatthe gas in the upper layers is hotter than the dust in lower layers by absorption of UV andX-rays (i.e., Glassgold et al. 2004) and/or photo-eletrial e�et (i.e., Nomura & Millar2005), et.



166 Chapter 8 : Modeling moleular line emission from aretion irradiated disksThe study of moleular line emission from disks around young stars is an impor-tant tool to infer disks physial properties (e.g., Dartois et al. 2003; Carr et al. 2004). Anadvantage of a spetral line is that emission at di�erent frequenies/veloities might beprobing di�erent disk regions, making lines an important test for disk models. However,this is also a disadvantage in some sense, sine one observes intensities onvolved with thebeam of the telesope and with a �nite spetral resolution, and therefore the informationof the di�erent regions is mixed up in a ompliated way. Thus, the analysis and rela-tionship between observations and model properties might beome very ompliated anddiÆult to disentangle. There are some previous works that ompare moleular line emis-sion from protoplanetary or irumbinary disks with spei� models of suh an emission(e.g., Koerner et al. 1993; Guilloteau & Dutrey 1998; Qi et al. 2003, 2004) and, in general,agreement between model and observations is fairly good, at least in the general appear-ane of the maps. However, given the great deal of physial parameters involved in theresulting moleular line emission, it is not straightforward to determine those parametersfrom a partiular observation just by �tting an emission model.Our main aim in this hapter is to identify a set of observational haraterististhat give most information on the physial properties of the disk. Suh observationalharateristis should then be given the heaviest weight in a �t between observations andmodel aiming to determine physial parameters in a disk. In order to ahieve this goal,we have developed a grid of moleular line emission models alulated for various mass a-retion rates, radius, visosities and maximum dust grain radius distributions. The smallsize sale of a protoplanetary disk (�100 AU) and their low temperatures (� 100 K; Bek-with et al. 1990) require observations with high sensitivity and subarseond high-angularresolution, sine 100 AU subtends 000:7 at 140 p (the distane to the Taurus loud). Thismake interferometri observations neessary to arry out this kind of studies. With theintention of reprodue a real interferometri observation of a protoplanetary disk withdi�erent physial parameters, we resolved the transfer equation and onvolved eah modelwith a beam of 000:4, as a ompromise between resolution and sensitivity. From eah resul-tant map, we have measured di�erent observational signatures, as if they were data from areal interferometri observation. Finally, in order to obtain the best ombinations of suhobservational parameters that yield more information about the physial harateristisof disks, we have undertook a novel statistial approah to link observational properties ofthe expeted moleular line emission with the underlying physial properties of the disk,by means of a prinipal omponent and multiple linear orrelation analysis. We will tryto show that this is a promising type of analysis to prepare the observations with the newgeneration of millimeter and submillimeter interferometers.In this study it is extremely important to hoose an appropriated moleulartransition sensitive to the physial parameters in whih we may be interested. To arry



8.2 Disk struture models 167out our study we have seleted the C17O(J=3! 2) transition at 337 GHz. This line is ahigh exitation transition of a CO isotope with very low abundane, whih makes it lesssuseptible to be a�eted by absorption and/or emission from surrounding loud material.This transition is also a suitable andidate to be observed in protoplanetary disks usingSMA and ALMA, as shown by G�omez & D'Alessio (2000).This hapter is strutured as follows: in x8.2 we desribe the assumptions toalulate the disk struture models and the initial input parameters. In x8.3 we explainthe radiative transfer and we disuss the seletion of the C17O (3-2) as the moleular lineto make our study. In x8.4 we outline the network of models and the general trends ofthe line emission maps. In x8.5 we desribe the statistial study that identify the setof observational harateristis that give most information on the physial properties ofthe disk, and we omment the results derived in x8.6. In x8.7 we perform a study of thedetetability of our modeled disks with SMA and ALMA. Finally, in x8.8 we show theomments and prospets for these studies and we summarize the onlusions in x8.9.8.2 Disk struture models8.2.1 AssumptionsWe base our alulations of moleular line emission, on struture models of a-retion disks irradiated by the entral star, whih have been previously used to explaindi�erent observations of lassial T Tauri Stars. The assumptions and alulation methodof suh models are desribed in D'Alessio et al. (1998, 1999, 2001). In summary, thedisk is assumed to be in steady state, with a onstant mass aretion rate _M and an��visosity (Shakura & Sunyaev 1973), with a onstant value of the visosity parame-ter �. The disk is in vertial hydrostati equilibrium in the gravitational potential wellof the star, negleting the disk self-gravity. We assume that gas and dust are thermallyoupled, having the same temperature everywhere. This dust/gas temperature enters inthe alulation of the disk volumetri density distribution through the integration of thehydrostati equilibrium equation. The main heating mehanisms onsidered are visousdissipation and stellar irradiation. The visous dissipation is important in heating theinner regions (lose to the star and lose to the midplane), the diret stellar irradiationheats the disk atmosphere, and the stellar radiation sattered and reproessed by the diskupper layers heats the whole vertial struture. The transfer of radiation through thedisk is alulated taking into aount that the dust satters and absorbs stellar and diskradiation, implying that the temperature struture depends on the dust properties. Thevisous irradiated disk models used in the present study show the temperature inversionpreviously found by Calvet et al. (1991, 1992), i.e., at the outer disk, R & 10 AU, theupper layers are hotter than the disk midplane, beause they are heated by diret stellar



168 Chapter 8 : Modeling moleular line emission from aretion irradiated disksirradiation (see also Chiang & Goldreih 1997 and D'Alessio et al. 1998).The dust opaity is alulated using the Mie theory for ompat spherial grains.We onsider a distribution of sizes given by n(a) = n0a�p, where a is the radius of thegrains, n0 is a normalization onstant, and p is a free parameter. In this work, we haveadopted p = 3.5 from Draine & Lee (1984) and the model of dust omposition proposedby Pollak et al. (1994) with the variations introdued by D'Alessio et al. (2001). Toaount for the possibility of dust growth, we adopt di�erent values of maximum grainsizes. Dust grains of di�erent sizes have di�erent opaity at mm wavelengths, a�eting themoleular line emission in di�erent ways. The existene of bigger grains in disks than inthe interstellar medium was proposed to explain the observed slope of the ontinuum SEDat millimeter wavelengths (Bekwith & Sargent 1991). Large grains ould be depletedfrom higher layers of the disk, but ould be well mixed with gas below a few gas saleheights. For simpliity, the disk models adopted here (from D'Alessio et al. 2001), assumethat gas and dust are well mixed. This seems a reasonable assumption if the moleularline is formed loser to the midplane than to the upper layers. This point will be disussedlater (subsetion 8.3.1).8.2.2 Input parametersFor the present study we have onsidered the following input parameters: maxi-mum disk radius (Rd), maximum radius of dust grains (amax), disk mass aretion rates( _M), and visosity parameter (�) (see values in Table 8.1).Table 8.1: Initial physial parametersRd(1) amax(2) _M(3) �(4)(AU) (�m) (M�/year)50 1 10�9 0.001100 10 3 10�8 0.005150 102 10�7 0.01103 0.02104 0.05105Notes to Table 8.1(1)Disk radius(2)Maximum radius of dust grains(3)Mass aretion rate(4)Visosity parameterWe have adopted typial parameters of a T Tauri star from Gullbring et al.(1998), i.e., M� = 0.5 M�, R� = 2 R�, and T� = 4 000 K for all the models. The disks areassumed to be at 140 p, the distane of the Taurus moleular loud (Kenyon, Dobrzyka



8.3 Radiative transfer and moleular line emission 169and Hartmann 1994), with a typial inlination angle i = 60o. It is important to mentionthat eah disk struture is self-onsistently alulated given these input parameters. Thismeans that the whole disk struture is a�eted by all the parameters, onsequently a�et-ing the line properties. This might ompliate the analysis of the resulting line properties,but we think this gives a more realisti desription of the interplay between the di�erentvariables.8.3 Radiative transfer and moleular line emissionThe model of the disk struture provides a detailed density and temperaturedistribution through the disk as a funtion of the height and the distane to the disk enter.To derive the line intensity for a given moleular transition, we must resolve the transferequation. We have used the same assumptions and formalism that G�omez & D'Alessio(2000), and we summarize them briey here. We assume loal thermal equilibrium forthe population of the moleular energy levels and we onsider thermal line pro�les. Wedivide the disk in a grid of ells onsidering isoveloity lines and their perpendiularlines (see Appendix in G�omez & D'Alessio 2000). We integrate the transfer equationdI�=ds = ���(S� � I�) through the line of sight at the enter of eah ell, where I� is theintensity, �� is the absorption oeÆient that onsider the ontributions from the line andontinuum, i.e., �� = �+�l, � is the mass density of the gas, and S� the soure funtion.The oeÆient � is dominated by dust and we onsider pure absorption opaity of eahkind of dust grains size. The absorption oeÆient for a moleular transition is alulatedas: �l = Aij28��2 gigj �1� exp�� h�kT �� nj� �(v)where Aij is the Einstein oeÆient for the i!j transition, � is the frequeny of thetransition, gi and gj are the statistial weigh t for the upper and lower states respetively,nj is the density of moleules in the lower energy level, and the �(v) is the thermal linepro�le. In order to derive the ux density, we onvolved all our models with a beam of000:4 of HPBW, as a ompromise between resolution and sensitivity. Finally we subtratthe ontinuum emission to isolate the ux density of the moleular line, obtaining a setof model results that reprodue a real observation of a protoplanetary disk with di�erentphysial parameters.



170 Chapter 8 : Modeling moleular line emission from aretion irradiated disks8.3.1 Seletion of the emission line transitionIt is very ommon that young stellar objets like T Tauri stars are still embeddedin the material of the parental loud. The envelope that surrounds the disk-star systemis omposed by old gas and dust that ould hide the disk emission.On one hand, the surroundingmaterial ould absorb the emission from the hotter,innermost part of the disk struture. This problem an be solved seleting moleulartransition whose energy is high enough to trae the hotter gas from the disk, while fewmoleules in the older envelope are in the states involved in this transition, thus avoidingline absorption at the envelope. However, the frequeny of the transition must not betoo high, beause otherwise the dust in the envelope would beome optially thik. Onthe other hand, the moleular line emission from the whole loud ould hide the deeperemission from the disk, as it is usually the ase for the more abundant CO isotopes. Tomake sure that the observed emission omes only from the disk struture, we must selet amoleular speies of low abundane for whih the envelope is optially thin and thereforeits emission would be negligible.In order to ful�ll these onditions, we have hosen the (J=3 ! 2) transition ofthe C17O moleule at 337 GHz. Its moleular abundane relative to H2 is low, 5.0�10�8(White & Sandell 1995) and the frequeny transition at 337 GHz is still low enough toavoid being muh absorbed by the dusty envelope.In a reent work, Dartois et al. (2003) have studied the disk vertial temperaturestruture using di�erent isotopes of CO. Being haraterized by di�erent opaities, di�erentlines trae the gas at distint depths. Dartois et al. (2003) �nd a good agreement betweenthe inferred temperature for eah transition/isotope and the temperature where � � 1in irradiated (dusty) disk models. Following Dartois et al. (2003), we have studied theformation region of di�erent moleular lines from di�erent isotopes of CO in our grid ofdisk models. To illustrate this study, we have seleted several disk models with di�erentphysial harateristis, represented in Figure 8.1. In that plot, we an see that C17O isformed loser to the midplane than the rest of the isotopes. This fat makes the LTEassumption aeptable, sine the region that mainly ontribute to the line emission showshigher densities than the ritial density of the seleted transition (' 5� 104 m�3).In addition, given the high gas densities in the disk, we expet that the abun-dane of this isotope, would be less a�eted by photodisoiation produed by the inidentradiation, sine it would be shielded against it, speially in the deepest layers. Moreover,theoretial models of the evolution of moleular abundanes in protoplanetary disks, pre-dit depletion of CO from the gas phase for temperatures below 20 K (Aikawa et al. 1996)and therefore, depletion is probably not signi�ant for the hosen moleule and for thedisk radii we are onsidering here (< 150 AU), and therefore the assumption that gas anddust are well mixed seems reasonable.
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Figure 8.1: Temperature for whih �� = 1 for di�erent transitions of di�erent CO iso-topes, versus di�erent values of disk radius. Dotted and line-dotted lines represent thedisk surfae temperature and the entral temperature of the disk, respetively. We showa sample of seleted disks models at v = 0 km s�1, for di�erent values of maximum grainradius and _M/�.



172 Chapter 8 : Modeling moleular line emission from aretion irradiated disks8.4 ResultsWe have alulated the expeted emission in the C17O(3-2) transition for a typialT Tauri star with a disk inlination angle of 60o, and for all possible ombinations of thephysial parameters showed on Table 8.1. We had a total of di�erent 241 models forwhih we have solved the radiative transfer equation at 12 di�erent veloities, from -2.5to 2.5 km s�1 at steps of 0.5 km s�1. The results are maps as shown in Fig 8.2, in whihwe only show the positive veloities, sine the maps are similar and almost symmetrialin negative veloities to the ones shown here (there are slight di�erenes though, dueto the hyper�ne struture of the C17O transition). From eah map we have measuredthe following observational signatures as if they were data from a real interferometriobservation: intensity of the prinipal (northern) and seondary (southern) peak at eahveloity, distane from disk enter to prinipal peaks, half power sizes of the emission, andveloity at whih the maximum intensity is present. These represent a total of 43 di�erentobservational parameters for eah input model.

Figure 8.2: Emission maps at di�erent veloities for a disk with radius = 150 AU, amax= 10 �m, i = 60o, � = 0.01 and mass aretion rate = 10�7M�/year. Maps have beenonvolved with a 0.004 beam. The lowest ontour and the inrement step are 20 mJy/beam.The ellipse traes the outer edge of the disk.



8.5 Statistial tools 1738.4.1 Line emission mapsIn all maps obtained from our grid of models we observe the same tendenies asG�omez & D'Alessio (2000). Summarizing, we observe an asymmetry on both sides of themajor axis, as expeted from optially thik emission. The areas further away from theobserver (positive delination in Fig. 8.2) show line emission of higher intensity beausethe line of sight interepts areas of the disk loser to the entral star, where the gas iswarmer. This results is on�rmed in DM Tau spetral line observations by Dartois et al.(2003), where an inlination angle i ' �37o was assumed. We notie another asymmetryon both sides of the minor axis, that it is more pronouned when approahing to theveloity of the loud (v = 0:0 km s�1). It aused by the asymmetry of the hyper�nestruture in the C17O moleule.We �nd that the maximum intensity of the line at the systemi veloity (v = 0km/s) traes the outer edge of the disk. As previously disussed by Sargent & Bekwith(1991) and G�omez & D'Alessio (2000), this is a onsequene of the fat that the e�etivearea emitting at a given veloity within the beam inreases with the distane to the entralstar more steeply than the derease of brightness temperature with distane.Moreover, at the enter of the disk the emission intensity diminishes, and wean even see absorption lines in some of our maps. The ause is the opaity of the dustontinuum emission. High ontinuum opaities (that are ommon in the entral part ofthe disks) redue the ontrast between the emission lines and the ontinuum, and, if it ishigh enough, lines ould show up in absorption.8.5 Statistial toolsAs we mentioned in setion 8.4, we hose a set of 43 di�erent observationalparameters to haraterize the maps resulting from our model alulations. These param-eters are, in priniple, somewhat arbitrary. If we want to simulate a real observation, inwhih we would like to extrat information about the underlying physial harateristisof disks, it is obvious that some of these 43 parameters will have more informative power,while some may turn out to be irrelevant. Moreover, it is likely that not all the hosenobservational parameters will be independent.Here, we have undertook a statistial analysis to try to identify a set or a om-bination of observational parameters that ould render more information about the disksproperties. First, we used a prinipal omponent analysis to redue the number of observa-tional parameters to a small, informative set. Later, we investigate whether we an obtainquantitative values of physial magnitudes from observational parameters, by means ofmultiple linear regression.



174 Chapter 8 : Modeling moleular line emission from aretion irradiated disks8.5.1 Prinipal ComponentsThe prinipal omponent analysis is a statistial tehnique that provides a di-mensional redution of a set of variables. In our ase, eah of the initial 43 observationalparameters would be an axis in a system of oordinates in a multidimensional spae. Themethod onsists of �nding a set of orthogonal axes in whih the variane (heterogeneity)of our data is maximum (see Thurstone 1947; Kaiser 1958). This is solved through alinear and orthogonal transformation that orresponds to a rigid rotation of the originaldata into a new set of oordinates. The eigenvalues obtained provide information aboutthe varianes of the data in the new spae, and the eigenvetors represent the diretionof the axes in the new spae of representation of our data. In our study, this analysisredues the number of observational signatures neessary to derive information about thephysial parameters, to a smaller set of linearly independent parameters: the prinipalomponents.8.5.2 Multiple linear orrelationIn order to quantitatively estimate eah physial parameter from the set of obser-vational variables, we have also arried out a multiple regression analysis (Pearson 1908).In our ase, the obtained prinipal omponents will be onsidered the independent vari-ables, and the physial properties of the disk will be the dependent ones. The multiplelinear orrelation analysis will then try to make the best �t, to derive a linear funtion ofthe form: yi = a1x1 + a2x2 + :::+ ajxj ;where yi is the dependent variable, and xj are the independent ones. In an ideal ase(orrelation oeÆient ' 1), we would obtain a funtion with a good preditive powerfor the dependent variable. For our partiular problem, we would like to obtain a for-mula with whih, from a set of observational parameters, we ould alulate the physialharateristis of the disk.Moreover, to test the signi�ation of the multiple regression we applied the F-Snedeor test (Snedeor 1934) as hypothesis testing. The ratio of two hi-squares dividedby their respetive degrees of freedom follows an F distribution. The test onsist ofomparing the relation between the variane of the predited values for the dependentvaluable and the error variane with the value of the F distribution.



8.6 Observational signatures vs. physial parameters 1758.6 Observational signatures vs. physial parameters8.6.1 Eigenvalues and Eigenvetors of Prinipal ComponentsTo redue the number of relevant omponents in the prinipal omponent anal-ysis, we adopted the Kaiser riterion (Kaiser 1960), whih only retains fators with eigen-values greater than 1. In our ase, the riterion selets four fators, whih aount for 91%of the total variane of the system. In fat, the �rst and the seond fators alone represent82% of the total variane. Therefore, most of the following analysis is based on these two�rst prinipal omponents.We have represented the eigenvetors in Table 8.2, for eah prinipal omponent.The numerial entries in this table show the linear ombination oeÆients for eah ob-servational parameter, used to build the orresponding prinipal omponent. Therefore,they indiate the relative weight of eah observational parameter on the omponents.Table 8.2: EigenvetorsObservational PC1 PC2 PC3 PC4ParametersI(v0)1 -0.0279 0.0020 0.0030 0.0033I(v0:5)1 -0.0276 0.0019 0.0029 0.0034I(v1)1 -0.0281 0.0007 0.0022 0.0035I(v1:5)1 -0.0340 -0.0023 0.0024 0.0040I(v2)1 -0.0276 -0.0086 0.0016 0.0040I(v2:5)1 -0.0118 -0.0082 0.0028 0.0040r(v0)2 -0.1360 0.0388 -0.0072 -0.0137r(v0:5)2 -0.1462 0.0325 -0.0041 -0.0169r(v1)2 -0.1581 0.0448 -0.0015 -0.0086r(v1:5)2 -0.1930 0.0100 0.0266 -0.0262r(v2)2 -0.1077 0.0075 -0.0030 -0.0150r(v2:5)2 -0.0483 0.0310 -0.0094 -0.0062Ise(v0)3 -0.0289 -0.0047 0.0004 0.0019Ise(v0:5)3 -0.0297 -0.0042 0.0006 0.0022Ise(v1)3 -0.0179 -0.0091 -0.0024 -0.0018Ise(v1:5)3 -0.0003 0.0007 -0.0009 -0.0004Ise(v2)3 0.0000 0.0000 0.0000 0.0000Ise(v2:5)3 0.0000 0.0000 0.0000 0.0000a(v0)4 -0.0595 0.0426 0.0316 0.0034b(v0)4 -0.0790 0.0334 0.0272 -0.0184a(v0:5)4 -0.1615 -0.0309 0.0259 0.0043b(v0:5)4 -0.1947 -0.0788 0.0523 -0.0076



176 Chapter 8 : Modeling moleular line emission from aretion irradiated disksTable 8.2: (ontinued).Observational PC1 PC2 PC3 PC4Parametersa(v1)4 -0.1138 -0.0250 0.0281 -0.0024b(v1)4 -0.0388 -0.0024 0.0041 0.0017a(v1:5)4 -0.1777 -0.1926 -0.0350 -0.0615b(v1:5)4 -0.2271 -0.1499 0.0086 0.0743a(v2)4 -0.2420 -0.0171 0.0543 -0.0023b(v2)4 -0.1181 0.0056 0.0133 -0.0084a(v2:5)4 -0.0286 0.0168 -0.0054 0.0011b(v2:5)4 -0.0028 0.0114 -0.0067 0.0010ase(v0)5 -0.0746 0.1023 0.0703 0.0434bse(v0)5 -0.0436 0.1026 0.0406 -0.0607ase(v0:5)5 -0.0026 0.0161 -0.0127 -0.0076bse(v0:5)5 -0.0006 0.0047 -0.0057 -0.0011ase(v1)5 0.0000 0.0000 0.0000 0.0000bse(v1)5 0.0000 0.0000 0.0000 0.0000ase(v1:5)5 -0.0733 0.0985 0.0683 0.0525bse(v1:5)5 -0.0398 0.0951 0.0398 -0.0549ase(v2)5 -0.0040 0.0185 -0.0141 -0.0097bse(v2)5 -0.0008 0.0043 -0.0060 -0.0006ase(v2:5)5 0.0000 0.0000 0.0000 0.0000bse(v2:5)5 0.0000 0.0000 0.0000 0.0000vImax6 0.3176 -0.1431 0.1527 -0.0241Notes to Table 8.21Intensity of the prinipal peak at eah veloity (0, 0.5, 1, 1.5, 2, 2.5 km s�1)2Distane from disk enter to prinipal peaks3Intensity of the seondary peak at eah veloity4Mayor (a) and minor (b) axis of the half power sizes of emission for the prinipal peak of intensityat eah di�erent veloity5Mayor (a) and minor (b) axis of the half power sizes of emission for the seondary peak of intensityat eah di�erent veloity6Veloity at whih the maximum intensity is presentFor the �rst prinipal omponent (PC1) the physial parameters with a largerweight in its de�nition are (in order of dereasing relative weights) the veloity of thepeak emission, the half power sizes for prinipal peaks at intermediates veloities, and thedistane from prinipal peaks to enter. The parameters that de�ne the seond prinipalomponent (PC2) are the half power sizes of prinipal peaks at 1.5 km s�1, the veloityof the peak emission, and the half power sizes of seondary peaks at 0.0 and 1.5 km s�1.



8.6 Observational signatures vs. physial parameters 177The third prinipal omponent (PC3) is de�ned by the veloity of the peak emission andthe half power sizes for prinipal and seondary peaks at 0.0 and 1.5 km s�1. Finally, thephysial parameters that de�ne the forth prinipal omponent (PC4) are the half powersizes for prinipal peaks at 1.5 km s�1 and for seondary peaks at 0.0 and 1.5 km s�1.8.6.2 PC1(kinematial omponent)-PC2(spatial omponent) diagramsDue to the fat that the �rst and the seond prinipal omponent representthe 82% of the total variane of the system, we have represented all our models in aPC1-PC2 diagram, to hek whether suh diagrams an be used to disriminate diskswith partiular physial harateristis, if we see some lustering related to the physialproperties. Considering the parameters with the larger weights in eah of these prinipalomponents, we have named them as \kinematial omponent" and \spatial omponent"in the ase of PC1 and PC2, respetively.The most evident result is shown when we represent disks with di�erent radiiin the PC1(kinematial)-PC2(spatial) diagram (see Fig 8.3). The disks with radius 50AU are distributed on the right part of the diagram, the ones with radius 100 AU areloated at the entral part and the disks with radius 150 AU are loated on the left ofthe plot. This means that the kinemati prinipal omponent (x axis) is qualitativelygood to disriminate among disks with di�erent radii. This result indiates that we anget information about the radius of a protoplanetary disk (physial parameter) from theveloity of the peak emission, the half power sizes for prinipal peaks at intermediatesveloities and from the distane from prinipal peaks to enter (observational signatures).That the disk radii an be disriminated relatively well by maps of line emission may seema relatively obvious result, but it illustrates the power of this kind of statistial analysis.Another interesting trend is seen from the representation in the diagram of diskswith di�erent mass aretion rate (see Fig 8.4). Disks with higher mass aretion rates tendto populate the upper parts of the PC1(kinematial)-PC2(spatial) diagram. Therefore, inthis ase it is the seond prinipal omponent (y axis) the one that better disriminateamong disks with di�erent mass aretion rates. Considering the parameters that give riseto this omponent, we an say that the half power sizes of prinipal peaks at 1.5 km s�1,the veloity of the peak emission and the half power sizes of seondary peaks at 0.0 and1.5 km s�1 veloities provide information about the mass aretion rate of the disks.Other trends relating prinipal omponents and the rest of the physial parame-ters are also present, but qualitatively they are not as lear as these two we have mentioned.In the ase of other physial parameters, it is the seond prinipal omponent the one thatprovides more information about the � parameter and the maximum radius of dust grainsvalues. Further analysis inluding models of more moleular transitions will ertainly beuseful to obtain re�ned prinipal omponents that an better disriminate these physial
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Figure 8.3: Disk radii in the PC1-PC2 diagrams. Dots represent all the modeled diskswith di�erent physial parameters. Squares represent disks with radius 50 A.U. (upper),100 A.U. (entral) and 150 A.U. (bottom).
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180 Chapter 8 : Modeling moleular line emission from aretion irradiated disks8.6.3 Multiple orrelationWe have seen in the previous setion that diagrams of prinipal omponents anbe useful to disriminate among disks with di�erent physial harateristis. It wouldbe interesting, however, to have a mathematial tool to easily obtain numerial valuesfor these physial harateristis based on the observed maps. As a �rst approah, wehave here performed a multiple linear orrelation with the observational parameters asindependent variables, and the physial harateristis as dependent ones. The resultingoeÆients for suh a �t are shown in Table 8.3.As it was dedued in the previous subsetion, the linear orrelation oeÆientsof eah prinipal omponent (see r(PCi) values in Table 8.3) show that PC1(kinematialomponent) is the best one to derive information about the disk radii and PC2(spatialomponent) provide the most information in the determination of the rest of the physialparameters, _M , �, and maximum radius of dust grains.Table 8.3: Correlation oeÆients and F-Snedeor test valuesr(PC1)a r(PC2)a r(PC3)a r(PC4)a Rb FRadius -0.9 -0.19 0.07 -0.001 0.97 951.62_M -0.18 0.5 -0.3 -0.16 0.57 26.93� 0.16 -0.21 0.13 0.07 0.31 5.94Max. Grain Radius -0.08 -0.009 -0.012 0.08 0.19 2.07�0 �1 �2 �3 �4Radius -55.3 -79.4 -54.2 133.3 -137.7_M 1.8�10�7 -0.16�10�7 1.4�10�7 -1.7�10�7 -0.15�10�7� -0.0195 0.0024 -0.0349 +0.0465 -0.0091Max. Grain Radius -16943.4 -100.4 -40213.2 +48703.1 +123751.8Notes to Table 8.3ar(PCi) are the linear orrelation oeÆients of eah prinipal omponent.bMultiple orrelation oeÆient.�i are the oeÆients of the linear ombination of prinipal omponents obtained from the mul-tiple regression study, to derive the values of the physial parameters in the �rst olumn.The most important piee of information that an be retrieved with this kind ofstudy is the dedution of the linear ombination of observational signatures that providequantitative information about physial harateristis. This linear ombination an bederived from �i oeÆients in table 8.3 as follows:Physial parameter = �0 + �1PC1 + �2PC2 + �3PC3 + �4PC4



8.7 Detetability of moleular lines with new interferometers 181As an example, in the ase of the radius of the protoplanetary disk, this ombi-nation would be the following:Rd = �55:3 � (79:4 � PC1)� (54:2 � PC2) + (133:3 � PC3)� (137:7 � PC4)With these sets of linear ombinations, we ould estimate physial parametersfrom observations, provided that the �t is good enough.The strongest orrelation (see R values in Table 8.3) is obtained for radius (orre-lation oeÆient R = 0.97), followed by mass aretion rate (R = 0.57), visosity parameter(R = 0.31) and maximum radius of dust grains (R = 0.19). The multiple orrelation o-eÆients alone are not good statistial indiators of the goodness of linear �ts. To assessthe validity of our �tted funtions we arried out an F test to derive the signi�ation ofthe linear regression. We assume a on�dent limit of 95%, whih means that we ouldadmit as good �ts with values F < 1:44. However in all our results the values exeededthis ritial value (see table 8.3). This result suggests that our variables are far from thelinear regime, whih is ertainly reasonable.8.7 Detetability of moleular lines with new interferome-tersIn order to test our preditions observationally, we present a line detetabilitystudy with interferometers that will be able to reah subarseond resolution, e.g., SMAand ALMA.We have alulated the line intensity expeted for all our line models. The lowestpeak intensity (�7 mJy beam�1) orresponds to disks with 50 AU radius, _M = 10�9 M�yr�1, � = 0.05 and 1 �m maximum grain radius. On the other hand, the highest peakintensity (�180 mJy beam�1) orresponds to disks with 150 AU radius, _M = 10�7 M�yr�1, � = 0.01 and 105 �m maximum grain radius.With the SMA (Submillimeter Array), a sensitivity of �85 mJy beam�1 is ex-peted1, onsidering the 8 antennas of the array working at 337 GHz, with 1 km s�1veloity resolution and 10 hours integration time, under standard values of preipitablewater vapor (�2.0 mm for 300�355 GHz).On the other hand, in the ase of ALMA, onsidering 64 antennas, 1 km s�1veloity resolution, only 1 hour integration time and 1.5 mm of preipitable water vapor(median at the site over all hours and seasons), the sensitivity expeted is 1.2 mJy beam�1(Butler & Wooten 1999).Considering 5� emission as detetions, we onlude that all our disks modeled,even the faintest, will be deteted with one hour integration time with ALMA. Neverthe-1http://sma1.sma.hawaii.edu/all.html



182 Chapter 8 : Modeling moleular line emission from aretion irradiated disksless, it will be extremely diÆult of observe any of our modeled disks with the SMA, atleast the ones with the physial harateristis showed in this work (see Table 8.1), sinethe SNR obtained for the modeled disks with the highest intensities (�180 mJy beam�1)in 10 hours of integration time, would only be 2�.Therefore, ALMA will be a ruial instrument to observationally test the predi-tions and assumptions of our models.8.8 Comments and prospets for these statistial studiesThe results derived from the statistial study presented in this hapter showthat this method ould be a powerful tool to obtain information related to the physialharateristis in protoplanetary disks from observational parameters.The most important information of our study is related to the radius of the disks.This preliminary study results in a way to obtain a �rst approximation of the disks radiithat depends only of the observations, avoiding the appliation of �2 �tting tehniques.Sine this is a promising method of study, and onsidering the future set of obser-vations in protoplanetary disks that will be arried out with the development of ALMA,we plan to omplete and improve our models and analysis. First, to easily observe thetendenies in the prinipal omponent diagram, we plan to inrease the sample, buildinga more extended set of models with a wider variety of initial physial and observationalparameters. Calulations in other moleular transitions or isotopes would further on-strain the information on temperature and density. Finally, an update in the alulationof the disk struture models would be done, onsidering in detail the photodisoiation ordepletion e�ets in the line of study, and dust grain growth.



8.9 Conlusions 1838.9 ConlusionsIn this hapter we have presented a statistial method to derive physial param-eters from observational harateristis in a protoplanetary disk. To make this study wemodeled the expeted emission of the C17O(3-2) transition from protoplanetary disks withdi�erent physial properties. We then applied a prinipal omponent and a multiple or-relation analysis, to obtain a set of linear ombinations of observational parameters thatmay provide relevant information of the physis of the disks. The main onlusions arethe following:� The most signi�ant results of our analysis are related to disk sizes. We an dis-riminate among disks with di�erent radii using a prinipal omponent omposedmainly of the veloity of the peak emission, the half power sizes for prinipal peaksat intermediates veloities and the distane from prinipal peaks to enter.� Moreover, some information about the mass aretion rate ould be obtained from aprinipal omponent made of the half power sizes of prinipal peaks at 1.5 km s�1,the veloity of the peak emission and the half power sizes of seondary peaks at 0.0and 1.5 km s�1 veloities, although the results are muh less signi�ant than in thease of radii.� We have shown a preliminary but promising and potentially useful statistial methodthat will be improved and ompleted in a future with studies in other transitions.� We have performed a study of detetability with ALMA and SMA. All our modeleddisks ould be deteted with ALMA, using one hour integration time, neverthelessthe sensitivity reahed by the SMA is not enough to detet our disks with reasonableintegration times. We onlude that ALMA will play an important role to testobservationally our models and our statistial results.



184 Chapter 8 : Modeling moleular line emission from aretion irradiated disks8.9.1 ConlusionesEn este ap��tulo hemos presentado un m�etodo estad��stio para inferir par�ametrosf��sios de disos protoplanetarios a partir de las arater��stias observaionales de los mis-mos. Para realizar este estudio, hemos modelado la emisi�on esperada de la transii�onC17O(3-2) en disos protoplanetarios on distintas propiedades f��sias. Despu�es hemosapliado un an�alisis de omponentes prinipales y orrelai�on m�ultiple para obtener unonjunto de ombinaiones lineales de par�ametros observaionales que proporionen infor-mai�on relevante de la f��sia de los disos. Las prinipales onlusiones son las siguientes:� Los resultados m�as signi�ativos de nuestro an�alisis est�an relaionados on el tama~node los disos. Podemos disriminar entre disos on diferentes radios usando unaomponente prinipal ompuesta prinipalmente por la veloidad del m�aximo deemisi�on, los tama~nos de las regiones a mitad de potenia de los m�aximos prinipalesde emisi�on a veloidades intermedias y de la distania de los m�aximos prinipales alentro del diso.� Adem�as, se puede obtener algo de informai�on sobre la tasa de areimiento de masamediante una omponente prinipal ompuesta fundamentalmente por los tama~nosde las regiones a mitad de potenia de los m�aximos prinipales a veloidad de 1.5km s�1, la veloidad del pio m�aximo de emisi�on y los tama~nos de la regi�on a mitadde potenia de los m�aximos seundarios a veloidades de 0.0 km s�1 y 1.5 km s�1,aunque los resultados son muho menos signi�ativos que en el aso de los radios.� Hemos mostrado un m�etodo estad��stio preliminar pero prometedor y potenial-mente �util, que ser�a mejorado y ompletado en un futuro on estudios en otrastransiiones.� Hemos realizado un estudio de detetabilidad on ALMA y SMA. Todos nuestrosdisos modelados podr��an ser detetados on ALMA usando una hora de tiempode integrai�on, sin embargo la sensibilidad alanzada por el SMA no es su�ientepara detetar nuestros disos en tiempos de integrai�on razonables. Conluimosque ALMA representar�a un papel importante en la omprobai�on observaional denuestros modelos y de nuestros resultados estad��stios.



185
Chapter 9General onlusions and futurework
9.1 General onlusionsIn this thesis we have studied several aspets related to age, physial onditions,kinematis, and hemistry of the environment surrounding low-mass young stellar objets,using moleular emission lines as main tools. Most of the work has been done by means ofa ombination of single-dish observations and higher resolution interferometri data. Theonlusions obtained with this work omprise both tehnial and sienti� ahievements.In order to perform the single-dish spetrosopi observations at 1 m presentedin this thesis, we have set-up and alibrated the radio astronomial equipment of NASA's70 m antenna loated at the Madrid Deep Spae Communiation Complex (Robledo deChavela, Spain). Thanks to our tehnial work, nowadays moleular line observations atthis wavelength are now being arried out routinely.We presented the most sensitive and systemati single-dish survey of H2O maseremission at 22 GHz towards Bok globules. Out of a total of 207 target positions observed,we report six new H2O maser detetions, and we on�rm the H2O maser detetion towardsCB 3. Thus, we have inreased the number of Bok globules in the CB atalog known toemit H2O masers from three to nine.The presene of radio ontinuum emission (from submillimeter to entimeterwavelengths), moleular outows, and peak in maps of high-density gas traers (CS orNH3) have all about the same weight as preditors of the presene of H2O maser emission.However, the mere presene of IRAS point soures tends to be a somewhat worse preditor.The H2O masers in Bok globules we found are likely to be assoiated with YSOs, and tendto be related to large and massive Bok globules, loated at distanes � 1 kp, more likely toshow multiple star formation. We speulate whether masers with unusually high veloities



186 Chapter 9 : General onlusions and future work(� 15 km s�1 with respet to the loud veloity) in low-mass star-forming regions, mightbe related to enhaned mass-loss in lose binaries (' 65 AU separations).Using the �rst interferometri VLA H2O maser observations at 22 GHz reportedtowards Bok globules, we have loated the exiting soure of the H2O maser emission inCB 3 (where masers seem to trae the inner part of a jet), CB 54, CB 101, and CB 232.All these objets (exept the one in CB 101, probably a Mira star) are also the most likelypowering soure of the moleular outows in their regions.We also report a sensitive single-dish survey (using the Robledo-70m antenna)of CCS and NH3 emission towards a sample of 40 YSOs with presene of H2O masers.We have deteted six low-mass soures that show CCS emission (L1448C, L1448-IRS3,B1-IRS, NGC2071-North, GF9-2 y L1251A), whih also show the presene of NH3. All ofthese regions, exept B1-IRS, are reported for the �rst time here as CCS emitters at 1 m.Four of them are very young soures, but the CCS is also found in a T Tauristar and a Class I soure. Given that CCS is onsidered to be an \early time" moleule,this result suggests that, if the evolutionary lassi�ation reported in the literature forthese objets is orret, the prodution/destrution of the CCS ould be a�eted by thepartiular physial properties of the louds, rather than depending on age alone.No harateristi of the entral soures and/or the moleular outows presentin the regions seems to be related to the presene of CCS. Nevertheless, the higher peakintensities, but similar integrated intensities of NH3 in regions assoiated with CCS emis-sion ompared with those without it, suggest that CCS-emitting regions might be lessturbulent (i.e., younger).We have omplemented this survey with VLA observations of CCS, H2O masersand NH3 towards one of our detetions, the Class 0 region B1-IRS. This study is theseond one reported in CCS using the VLA, and the �rst one using the new VLA K-band reeivers. We suggest for the �rst time that a shoked-indued hemistry ould beresponsible for a loal CCS abundane enhanement, sine the kinematial pattern of thismoleule suggests a strong interation between the gas traed by CCS and the moleularoutow present in the region. We also show for the �rst time a spatial antiorrelation atsales of ' 500 between the NH3 and the CCS, whih indiates that a ombination of bothmoleules is needed to fully trae the olumn density and kinematis of dense material.We tried for the �rst time the feasibility of ross-alibration of thermal moleularlines using H2O masers to orret for atmospheri amplitude and phase utuations at '22 GHz. This was done with VLA simultaneous observations of CCS and H2O masersat 1 m towards the star forming region IRAS 16293-2422. Although we failed to detetCCS emission, the radio-ontinuum emission at the CCS frequeny showed a signi�antimprovement in SNR after ross-alibration.Using theoretial alulations of C17O(3-2) moleular line emission in protoplan-



9.1 General onlusions 187etary disks, we show a potentially powerful statistial method to infer whih observationalharateristis ould be more relevant to obtain information about the underlying physialparameters of these disks. As a preliminary result, this method allows us to disriminatebetween disks with di�erent radii relatively well, and to a lesser degree we ould obtaininformation on mass aretion rates. In addition, our alulations resulted in spei�preditions for the detetability of moleular line emission of protoplanetary disks usingSMA and ALMA. All the modeled disks would be easily deteted with only one hour ofintegration time with ALMA.



188 Chapter 9 : General onlusions and future work9.1.1 Conlusiones generalesEn esta tesis hemos estudiado distintos aspetos relaionados on la edad, lasondiiones f��sias, la inem�atia y la qu��mia del entorno que rodea los objetos estelaresj�ovenes de masa baja, usando las l��neas moleulares de emisi�on omo prinipales herra-mientas. La mayor parte de este trabajo ha sido realizada mediante una ombinai�on deobservaiones de antena �unia y datos interferom�etrios en alta resolui�on. Las onlu-siones obtenidas de este trabajo omprenden tanto aspetos t�enios omo ient���os.Para realizar las observaiones espetros�opias on antena �unia a 1 m, hemospuesto a punto y hemos alibrado el equipo radioastron�omio de la antena de 70 m deNASA situada en el Complejo de Comuniaiones del Espaio Profundo de Madrid (Rob-ledo de Chavela, Espa~na). Graias a nuestro trabajo t�enio, hoy d��a se est�an realizandode forma rutinaria observaiones de l��neas moleulares a esa longitud de onda.Presentamos la b�usqueda m�as sensible y sistem�atia de emisi�on de m�aseres deH2O a 22 GHz en gl�obulos de Bok. De un total de 207 posiiones observadas, detetamosseis nuevos m�aseres de H2O y on�rmamos la ya onoida detei�on de m�aser de agua enCB 3. As��, hemos inrementado el n�umero de gl�obulos de Bok en el at�alogo de CB onemisi�on m�aser onoida de tres a nueve.La presenia de emisi�on de radioontinuo (de longitudes de onda submilim�etriasa entim�etrias), ujos moleulares y m�aximos en mapas de trazadores de gas de altadensidad (CS o NH3) tienen aproximadamente el mismo peso preditivo de emisi�on dem�aseres de agua. Sin embargo, la mera presenia de fuentes puntuales IRAS tiende apredeir algo peor la presenia de estos m�aseres. Los m�aseres de H2O que enontramosen gl�obulos de Bok est�an probablemente asoiados on objetos estelares j�ovenes y tiendena loalizarse en gl�obulos de Bok grandes y masivos, situados a distanias � 1 kp, quepresentan on mayor probabilidad formai�on estelar m�ultiple. Espeulamos si los m�asereson veloidad inusualmente alta (� 15 km s�1 on respeto a la veloidad de la nube)en regiones de formai�on estelar de masa baja, podr��an estar relaionados on episodiosenerg�etios de p�erdida de masa en binarias eranas (' 65 UA de separai�on).Usando las primeras observaiones interferom�etrias on el VLA a 22 GHz dem�aseres de agua en gl�obulos de Bok, hemos loalizado la fuente exitadora de la emisi�onm�aser en CB 3 (donde los m�aseres pareen trazar la parte interna de un jet), CB 54,CB 101 y CB 232. Todos estos objetos (exepto el de CB 101, posible estrella tipoMira) tambi�en son probablemente las fuentes impulsoras de los ujos moleulares de susrespetivas regiones.Adem�as, mostramos una b�usqueda sensible on antena �unia (usando la antenaRobledo-70m) de emisi�on de CCS y amoniao en una muestra de 40 objetos estelaresj�ovenes on presenia de m�aseres de agua. Hemos detetado emisi�on de CCS en seisfuentes de masa baja (L1448C, L1448-IRS3, B1-IRS, NGC2071-North, GF9-2 y L1251A),



9.1 General onlusions 189las uales muestran tambi�en presenia de NH3. Todas estas regiones, exepto B1-IRS, sonmostradas aqu�� por primera vez emitiendo en CCS a 1 m. Cuatro de ellas son fuentesmuy j�ovenes, sin embargo tambi�en se enuentra CCS en una estrella T Tauri y una fuentede lase I. Ya que el CCS est�a onsiderado omo una mol�eula \temprana", este resultadosugiere que, si la lasi�ai�on evolutiva de estos objetos publiada en la literatura esorreta, la produi�on/destrui�on del CCS podr��a estar afetada por las propiedadesf��sias partiulares de las nubes moleulares, en lugar de depender �uniamente de la edad.Ninguna de las arater��stias de las fuentes entrales ni de los ujos moleu-lares presentes en dihas regiones pareen estar relaionadas on la presenia de CCS. Sinembargo, los pios de intensidad m�axima mayores y las intensidades integradas similaresde NH3 en regiones asoiadas on emisi�on de CCS on respeto a aquellas sin emisi�on,sugieren que las regiones emisoras de CCS podr��an ser menos turbulentas (es deir, m�asj�ovenes). Hemos omplementado esta b�usqueda on observaiones de VLA en CCS, m�aseresde H2O y NH3 en una de nuestras deteiones, la regi�on de lase 0 B1-IRS. Este estudio esel segundo publiado en CCS usando el VLA y el primero que utiliza los nuevos reeptoresdel VLA en banda K. Sugerimos por primera vez que una qu��mia induida por hoquepodr��a ser la responsable de un aumento loal de la abundania de CCS, ya que el patr�oninem�atio de esta mol�eula sugiere una fuerte interai�on entre el gas trazado por elCCS y el ujo moleular presente en la regi�on. Tambi�en mostramos por primera vez unaantiorrelai�on espaial a esalas de ' 5" entre el NH3 y el CCS, lo que india que unaombinai�on de ambas mol�eulas es neesaria para trazar por ompleto la densidad deolumna y la inem�atia del material denso.Hemos probado por primera vez la viabilidad de la alibrai�on ruzada en l��neasmoleulares t�ermias, usando m�aseres de H2O para orregir las utuaiones atmosf�eriasen amplitud y fase a ' 22 GHz. Esto fue realizado on observaiones simult�aneas on elVLA en CCS y m�aseres de H2O a 1 m en la regi�on de formai�on estelar IRAS 16293-2422.Aunque no detetamos emisi�on en CCS, la emisi�on en radioontinuo a la freuenia delCCS mostr�o una mejora signi�ativa en su relai�on se~nal-ruido tras la alibrai�on ruzada.Usando �alulos te�orios de la l��nea moleular de emisi�on C17O(3-2) en disos pro-toplanetarios, mostramos un prometedor m�etodo estad��stio para inferir qu�e arater��stiasobservaionales podr��an ser m�as relevantes para obtener informai�on de los par�ametrosf��sios de estos disos. Como resultado preliminar, este m�etodo nos permite disriminarentre disos on distintos radios relativamente bien y en grado menor podr��amos obtenerinformai�on sobre las tasas de areimiento de masa. Adem�as, nuestros �alulos hanresultado en prediiones de detetabilidad de l��neas moleulares de emisi�on en disos pro-toplanetarios usando SMA y ALMA. Todos los disos modelados podr��an ser f�ailmentedetetados on tan s�olo una hora de tiempo de integrai�on on ALMA.



190 Chapter 9 : General onlusions and future work9.2 Future workThe results of this thesis provide new data to understand the physis and thekinematis of the innermost gas around low-mass YSOs and open new (some general andsome spei�) questions in that framework. My future work will onsist of a extension ofthe study showed in this thesis and a new line of researh in the millimeter and submil-limeter regimes in star-forming regions. I will detail my future researh projets in whatfollows.9.2.1 Further water maser studies in Bok globulesIn the future, a detailed study will be done towards CB 54 via deep and si-multaneous observations in water maser and ontinuum at 1 m using the VLA in its Aon�guration. Our main aim is to detet the radio ontinuum emission towards the sourethat we propose to be powering the moleular outow in the region (CB 54 YC1-SW),applying the ross-alibration tehnique to improve the SNR. These observations have al-ready been arried out, and a preliminary data redution shows a radio ontinuum sourevery lose to the maser emission, as predited in hapter 4.In order to trae the spaial distribution and kinematis of the di�erent maseromponents in CB 3 at milliarseond resolution, a proper motion study will be done.The extrapolation bak in time of the proper motions of maser emission might larifythe position of the pumping soure. We have just performed these observations using theVLBA1. This is an interesting opportunity to study the star formation proesses in anintermediate-mass star forming region at very small sales.In addition, and to omplete the water maser survey in Bok globules, high-resolution observations using the VLA will be performed towards CB 34 and CB 199, inorder to aurately derive the position of the masers, pinpoint the powering soure andstudy the kinematis of the surrounding medium.9.2.2 Study of high-mass YSOs via millimeter and submillimeter watermasersIn hapters 3 and 4 we have shown the usefulness of water maser emission at22 GHz to probe the dynamis and age of YSOs and their environment. In reent years,various water maser lines at millimeter and submillimeter frequenies have been detetedin star forming regions and evolved objets. Di�erent transitions at 96, 183, 321, 325, 471,437, 439, and 658 GHz have been observed (Menten & Melnik 1989; Menten et al. 1990;Cerniharo et al. 1990; Melnik et al. 1993; Menten & Young 1995), and maser emissionat 906 GHz has also been predited (Melnik 1993). The already observed water maser1Very Long Baseline Array



9.2 Future work 191transitions in these ranges are usually related to strong 22 GHz water maser emission,espeially in high-mass YSOs. Sine the formation of high-mass stars remains poorlyunderstood, and upoming millimeter and submillimeter telesopes will allow a detailedstudy of the proesses involved in star formation, a searh for water masers at millimeterand submillimeter emission in high-mass star forming regions would be useful in severalaspets:1. Study the physis, hemistry, and kinematis of the innermost areas of massive star-forming regions.2. Infer the presene of high mass protostars, in the ases where the powering souresof outows are not known.3. Understand the exitation mehanism of the water moleule. Provide onstraints onthe models of pumping mehanisms and on the physial onditions of the emittingregions.4. Study the assoiation of maser emission with either outowing material or disks andderive the frequeny of those jet-disk systems in high-mass YSOs.5. Study non-ollimated or isotropi mass-ejetion proesses in high-mass YSOs, andpossible evolutionary transitions between isotropi and highly-ollimated ejetions.In addition, these maser detetions would be extremely useful for future alibra-tion tehniques of data from millimeter/submillimeter interferometers, in partiular forALMA, sine water masers emission has been found in most of the future ALMA bandsand they ould be used as an useful phase referene for interferometri data.This study would be made by means of a single-dish survey (e.g., with APEX2),searhing for millimeter and submillimeter water masers in a large set of high-mass starforming regions assoiated with strong water maser emission at 22 GHz. The most inter-esting maser detetions would be observed with interferometri tehniques to auratelyderive the maser positions and their spatial distribution at di�erent frequenies. Thisstudy ould provide interesting targets for future ALMA observations towards high-massstar forming regions.9.2.3 Detailed study of CCS and NH3 emission in the whole set souresdeteted in this thesis.As a follow-up of the interesting results we obtained for B1-IRS, a detailed highresolution study would be done in CCS, ammonia, and water masers in the rest of thesoures deteted in our single-dish CCS survey (see hapter 5). This study would beperformed through a ombination between single-dish and interferometri maps. The2Ataama Path�nder Experiment



192 Chapter 9 : General onlusions and future workVLA in its D-on�guration would be used to arry out the high-resolution observations,while the Robledo-70m antenna would provide zero-spaing uxes. The main goals of thiswork would be the following:1. Study in detail the kinematis of the regions.2. Study the hemial evolution in star-forming ores.3. Test whether the spatial antiorrelation between CCS and ammonia observed inB1-IRS stands at small sales (a few arse) in the rest of our CCS detetions.4. Study the suggested enhanement of CCS abundane in shoked regions produedby outowing material (sine all our andidates show moleular outows).5. Provide the data to test future theoretial hemial models that inludes the e�etsof a entral protostar on the destrution/prodution of CCS and ammonia.L1448 region is espeially appropriate for testing our suggestion of enhanementof CCS abundane in shoked regions, sine it hosts energeti and ollimated moleularoutows. We have already observed with the VLA in the D on�guration both CCSand water masers in L1448C and L1448-IRS3. We will try to observe the rest of souresdeteted in CCS (GF9-2, L1251A and NGC 2071-North) in the near future.9.2.4 Future study in protoplanetary disksAs it was mentioned in hapter 8, we plan to inrease the sample of physial andobservational parameters in order to observe more tendenies in the prinipal omponentdiagram.A study of anonial orrelation would allow us to �nd the overall orrelationbetween both sets of variables (i.e., the group of observational harateristis and thegroup of physial parameters), without restriting to the linear orrelation used for thisthesis. An improvement in the disk struture will be made for future studies, trying tobuild disk strutures as realisti as possible. This inludes dust grain growth, and possiblephotodissoiation or depletion e�ets for the studied moleules.In order to obtain information of temperatures and densities, the alulationswould be done for other transitions and moleules (starting with di�erent CO isotopes).Finally, when ALMA is operative, the results predited by our models and sta-tistial studies, ould be observationally tested.
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